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possible implications for osteometric sorting 
 
Chairperson:  Dr. Ashley McKeown 
 
The identification of individuals from commingled human remains can be a difficult task. 
Osteometric sorting is often utilized for these purposes since it sorts remains based on 
size. This research investigates whether asymmetry of the humerus is present, if it is due 
to an individual’s hand preference, and if this asymmetry can adversely affect the 
osteometric sorting method. The osteometric sorting formulae for pair-matching was used 
to classify individuals as asymmetric when elements were considered significantly 
different in size. Significant asymmetry was seen in multiple measurements and the 
asymmetry could be due to handedness. This relationship appeared more consistent with 
breadth measurements than length measurements. The epicondylar breadth of the 
humerus was the most asymmetric with 12.8% of individuals considered asymmetric. 
Asymmetry of the maximum length of the humerus occurred in only 7.3% of individuals. 
These results did not appear to correlate with the results seen on the radius since less than 
50% of the radii with asymmetry present were also asymmetrical at the level of the 
humerus. This indicates that asymmetry in the arm and forearm is not related. The 
measurements most likely related to handedness are discussed. 
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Chapter I 
 
 
INTRODUCTION 
 
 
Identifying which elements belong to a particular individual in cases of human 
commingling is extremely important. The biological profile is imperative for determining 
identity of an individual, and this cannot be done until remains are properly sorted into 
individuals. The segregation of remains into individuals is also important for return to 
next of kin. Numerous methods are utilized for the segregation of human commingled 
remains, such as age, joint articulation, visual pair-matching, size (osteometric sorting), 
robusticity, taphonomy, and DNA (Byrd 2008). Osteometric sorting is just one way that 
human remains can be segregated, but it is an important tool that can be used by physical 
anthropologists.  
Osteometric sorting utilizes bone measurements to compare the difference in size 
between two elements against the difference in size between those same elements in a 
reference group. There are numerous benefits of the osteometric sorting method, among 
them, its objective nature. The method utilizes fairly simple statistics to keep the error 
rates low and the method inexpensive. This also allows for an anthropologist to conduct 
the analysis in a relatively short amount of time with just a spreadsheet (Byrd and Adams 
2003; Byrd 2008). Nevertheless, osteometric sorting may be affected by asymmetry.   
Asymmetry can occur throughout the body due to bilateral differences in 
mechanical loading. (Van Valen 1962; Kanchan et al. 2008). The ridges and roughened 
areas of skeletal elements are produced by the origins and insertions of the muscles of the 
body, and size is directly affected by the amount or strenuousness of activity (Marieb 
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2004). When a skeletal feature is more prominent than normal, it can be inferred that the 
muscle attaching to that location must have been large. The more gracile an individual is, 
the less prominent these features are. Occupations or activities that lead to repetitive 
motions could lead to asymmetry because muscles on one side of the body may be 
strengthened more, likely due to handedness (Vettivel et al. 1992). The deltoid muscle is 
one such muscle, and it inserts at the deltoid tuberosity which is located on the lateral 
surface of the shaft of the humerus (White 2005). The deltoid muscle’s primary action is 
arm abduction, but it also assists in arm flexion, extension, and rotation (Marieb 2004).  
Symmetry is “equality or correspondence in form of parts distributed around a 
center or an axis, at the extremities or poles, or on the opposite sides of any body” 
(Stedman 2000:1741). Symmetry of bilateral elements was an assumption for the original 
development of the Byrd and Adams (2003) osteometric sorting system. Thus, the 
majority of the data was collected from left elements only. The reference data is 
employed to produce regression formulae and significance testing to assess whether two 
skeletal elements may belong together. However, skeletal asymmetry exists in the human 
body, and the degree to which this asymmetry exists could affect the results obtained 
using these methods. For this reason, measurements were added to facilitate the 
investigation of asymmetry, such as the maximum diameter of the diaphysis at the deltoid 
tuberosity measurement (Dr. John Byrd, personal communication).  
Osteometric sorting is mostly used in the sorting of a commingled assemblage at 
the Joint POW/MIA Account Command – Central Identification Laboratory (JPAC-CIL) 
in Honolulu, Hawaii. This assemblage, referred to as the “K208 Project,” is largely 
fragmented and has been heavily sampled for DNA which limits the number of 
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measurements that can be obtained. Due to the fragmentary nature of the remains, 
measurements proposed by Byrd and Adams (2003) largely comprise the overall number 
of measurements that can be taken. Standard measurements are largely comprised of 
maximum length and midshaft measurements (Buikstra and Ubelaker 1994), but these 
measurements cannot be taken on fragmentary remains. Byrd and Adams’ (2003) 
measurements are on areas of bone that typically survive taphonomic processes, such as 
muscle attachment sites or denser areas of the bone; making these measurements 
applicable without the complete bone present. Often, the only measurements that can be 
observed on a humerus are the “Maximum Diameter of Diaphysis at the Deltoid 
Tuberosity” and the “Minimum Diameter of the Diaphysis” (Byrd and Adams 2003:8). 
These measurements are largely influenced by muscular size because it is the site of 
attachment of the deltoid muscle (White 2005). As the muscle increases in size, the 
tuberosity changes shape and often enlarges. 
In previous studies (Auerbach and Ruff 2006; Auerbach and Raxter 2008), 
skeletal breadths have shown greater degrees of asymmetry than lengths. Combining the 
maximum diameter of the diaphysis at the deltoid tuberosity with a breadth and length 
measurement of the humerus will explore differences in asymmetry between length and 
breadth measurements. Asymmetry will either become more obvious or less obvious 
when these measurements are combined because the difference between two elements 
will either increase or decrease. “Humerus: Maximum Length” and “Humerus: 
Epicondylar Breadth” (Buikstra and Ubelaker 1994) will be utilized to explore these 
differences. 
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 The main focus of this study is to determine the degree of asymmetry that can 
arise in the deltoid tuberosity of the humerus and its relation to handedness. However, 
Auerbach and Raxter (2008) demonstrated that the asymmetry of one element can be 
correlated with an associated element, so to further explore whether asymmetry of one 
element can carry to another, the radius will also be investigated. Breadth measurements 
will be used due to previous studies finding greater asymmetry in breadths than lengths 
(Auerbach and Ruff 2006; Auerbach and Raxter 2008). The radial tuberosity of the radius 
is the insertion site for the biceps brachii muscle which is a flexor of the elbow (Marieb 
2004). Activities that use the biceps brachii would also be assisted by the deltoid muscle, 
so it is likely that asymmetry of the humerus would be carried to the radius. Vettivel and 
colleagues (1992) found a correlation between the size of the intertubercular sulcus of the 
humerus and handedness. The tendon of the long head of the biceps brachii muscle 
influences this change in size of the sulcus, so it is likely that the insertion site could also 
be related to handedness. The radial tuberosity is the portion of the radius that most often 
survives fragmentation and deterioration. The “Maximum Diameter at the Radial 
Tuberosity” measurement (Byrd and Adams 2003:8) will be used for this study. This 
measurement will help give clues on the prevalence of asymmetry throughout the body. 
The goal of this research is to investigate the frequency of asymmetry of the 
humerus, specifically at the deltoid tuberosity, and determine whether this could 
adversely affect the osteometric sorting method. Osteometric sorting is used to assist in 
the matching of human remains by size (Byrd and Adams 2003). This sorting could be 
negatively affected by asymmetry that occurs naturally in the body due to forces exerted 
on the limbs, the degree of which can be variable between the left and right (Čuk et al., 
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2001). For that reason, I will also explore whether this asymmetry could be due to 
handedness. For this study, there are three null hypotheses that are being tested: (1) there 
is no difference in size between left and right elements, and therefore, the frequency of 
asymmetry is zero, (2) there is no association between handedness and asymmetry, and 
(3) the correlation between asymmetry of the humerus and asymmetry of the radius is 
zero. If asymmetry is present, the hypothesis is that this asymmetry is due to the 
individual’s hand preference and this asymmetry would be the same in the humerus and 
radius. The osteometric sorting formula for pair-matching elements will be utilized in this 
study to determine whether an individual would be considered asymmetrical, and if the 
asymmetry adversely affects the osteometric sorting method. 
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Chapter II 
 
LITERATURE REVIEW 
 
Commingled human remains present a particularly difficult task of identification 
for forensic anthropologists. Commingled assemblages can be two individuals or two 
hundred, and can come from many different types of situations, such as mass burials, 
mass disasters, or an aircraft crash site. Commingled remains may be unexpected. For 
instance, a forensic anthropologist may be requested to analyze remains and may find 
duplication of elements. In some cases the possible victims are known, and though it is 
still a difficult task to sort the remains, positive identification of each individual is likely. 
When the victims are unknown or only partly known, the task becomes much more 
difficult. Often, numerous techniques must be employed to correctly sort the remains into 
individuals. In large cases of commingling some techniques are more useful than others. 
Sorting of these remains is imperative for the biological profile to be done. The biological 
profile must be done to obtain the final goal of returning remains to their families 
(Ubelaker 2002). 
The sorting of skeletal elements from a commingled assemblage into individuals 
is potentially adversely affected by varying degrees of asymmetry in individuals.  
Asymmetry is the degree of variability between the contralateral sides of the body, and 
occurs naturally due to the exertion of various forces over time.  Since these forces vary 
on an individual level, based on factors affecting the growth and muscularity of elements, 
further evaluation of the potential relationship between handedness and asymmetry is 
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important for determining the affect this asymmetry could have on the methods used to 
associate contralateral elements in an individual, specifically osteometric sorting. 
 
Sorting Commingled Remains 
The segregation of individuals in cases of commingling is an important task. 
There are numerous procedures that can be utilized to sort commingled remains; these 
include visual pair-matching of elements, articulation, size, process of elimination, 
osteometric sorting, and taphonomy (Ubelaker 1997; Ubelaker 2002; Byrd 2008). Charles 
Snow (1948) set forth guidelines for sorting commingled remains that he followed while 
working at the Central Identification Laboratory (CIL) in Hawaii in 1947. The remains 
that were being sorted were primarily from aircraft crashes and mass graves. Since this 
was prior to DNA testing, Snow outlined a process for systematically matching elements 
of the skeleton in a series of steps (1948: p. 325-327), explained below: 
1. All cleaned fragmentary bones, including those of the skull, are 
mended as completely as possible. 
2. The limb bones are paired off on the basis of similarities of 
size, morphology and muscle markings. 
3. Bones showing epiphyseal union or marked by arthritic 
outgrowths found among others lacking these characters are 
readily segregated. 
4. The pelvic regions are used as the starting points of assembly. 
Paired innominate bones are articulated with sacra. Then 
articulating lumbar, thoracic and cervical vertebrae are fitted 
(articulated) to the proper pelvic, thus establishing “unit 
torsos.” 
5. Complete skulls (with articulating jaws) are united with the 
proper atlases of the completed torsos. 
6. Paired femora are placed with the trunks according to the best 
fit at the hip joints. Final assignment is checked by elimination 
and repeated trials which demonstrate the impossibility of the 
thigh bones belonging to any but the selected body. All 
possibilities are eliminated systematically. 
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7. Articulating lower leg bones, tibiae and fibulae, and paired 
knee-caps are assigned by the knee-joint articulation. 
8. Foot bones (shoesful of entire feet often preserved intact in 
socks) are placed with the lower legs through articulating ankle 
joints. 
9. Paired arm bones (articulating humeri, ulnae and radii) through 
general morphological resemblance and proportion to the 
already placed leg bones are assigned to the respective 
“bodies.” The bones of the floating pectoral girdle and the ribs 
proved to be the most difficult ones to place. 
10. Paired scapulae are carefully fitted to the humeral heads for 
size and general overall similarity to the rest of the remains.  
11. Paired clavicles are articulated with the scapulae and their 
respective upper extremities. 
12. Ribs are sorted by side, size, general resemblance of texture, 
curvature, etc. 
13. Breast bones (sterna) often may be associated with the placed 
collar bones. 
14. All hand and foot bones not otherwise associated are paired, 
and occasionally the articulating bones of the necessary chain 
are found – demonstrating their place. 
15. Infrequently glovesful of hand bones occur which are 
articulated with the distal joints of the lower arm bones. 
 
For this procedure to work properly, all elements from all individuals must be 
present, and Snow (1948) states that this is an infrequent occurrence. This is an efficient 
guideline for sorting remains, but rarely are all elements present. An important result of 
this practice is that elements can be eliminated. Elimination is a very important part of 
sorting remains. It can be difficult to match elements together with confidence, especially 
when dealing with soldiers that are typically within the same age and size ranges. 
Narrowing the number of possible matches by elimination is helpful. Process of 
elimination is a useful technique after visual pair-matching and articulation have been 
conducted (Adams and Byrd 2006). 
Visual pair-matching is the identification of the same element type to each other 
based on similar morphology. According to Adams and Byrd (2006) visual pair-matching 
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is much more accurate than visual matching of different skeletal elements, such as a 
humerus and a femur, because this is much more subjective. They suggest that some 
element types are more easily matched than others (Adams and Byrd 2006). 
Articulation is one of the most reliable techniques for sorting remains, but the 
strength of the association depends on the particular articulation (Adams and Byrd 2006). 
Adams and Byrd (2006) classified different articulations into three levels of confidence: 
high, moderate, and low (Figure 1). Once an articulation has been made, portions of the 
skeleton can then be associated together. According to the authors, the pelvis and 
vertebrae are the best portions of the skeleton to begin the association process while the 
humerus and scapula articulation has the least significant fit. These articulations with a 
lack of a close fit can be extremely difficult when dealing with large-scale commingling.  
 
Figure 1. Table 3 from Adams and Byrd (2006) outlining the levels of confidence for 
different articulations. 
 
Taphonomy is the study of the passage of organic remains from the biosphere to 
the lithosphere due to geological and biological processes, or rather the processes that 
occur after death (Ubelaker 1997). Factors of the environment, such as soil type and 
weather, can lead to similarities and differences in preservation called taphonomic 
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patterning (Adams and Byrd 2006: p. 67). This can be similar coloring or staining of the 
bone that would suggest remains are from one location. Taphonomic patterning can also 
be specific, such as a rust stain across bones from a zipper, and this can be helpful in 
determining whether elements are from one individual. However, Adams and Byrd 
(2006) advise that taphonomy cannot be used as a primary sorting technique but as 
contributing information to assist with the other methods. 
The steps outlined by Snow (1948) for sorting commingled remains relied heavily 
on size and shape differences between individuals. Byrd and Adams (2003) proposed that 
osteometric sorting is an important tool that could be utilized to capitalize on these size 
and shape differences in an objective manner. Osteometric sorting is testing the null 
hypothesis that two bones could have come from the same individual based on their size. 
A significant difference in size would lead to a rejection of this null hypothesis and a 
possible elimination. There are three basic approaches to osteometric sorting (Byrd 
2008). The first is the comparison of left and right elements using models based on shape. 
The next is the comparison of articulating bones with models that use the correlation of 
articulation sites on adjoining bones. The final approach is the use of regression models 
to compare the size of two elements of a different type. The statistical analysis for these 
approaches is kept simple to try and avoid error and to avoid the need of a statistical 
program.  
This method relies on a reference data set, so measurements were compiled from 
numerous collections (CILHI, Forensic Data Bank, Smithsonian Institution Terry 
collection, Cleveland Museum of Natural History Hamann-Todd collection, and 
Univeristy of Tennessee Bass collection) (Byrd and Adams 2003). The measurements 
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were from the Forensic Data Bank list (Moore-Jansen et al. 1994) and measurements 
applicable to fragmentary remains, defined by the authors. Statistical models were 
calculated from the reference data to be used to test the null hypothesis of no difference 
in size for all three approaches. The third approach, which analyzes two different 
elements, utilizes least squares regression models with an associated prediction interval to 
determine whether two elements are from the same individual. One element’s 
measurement value (independent variable) is entered into the regression model formula to 
produce a predicted value for the other bone measurement (Byrd and Adams 2003: p. 4). 
Results from all three approaches are used to help eliminate individuals and to support a 
possible association, but the method is not used to prove an association. 
Osteometric sorting was built off of Snow’s guidelines, but it is a more useful 
technique because it can be utilized with incomplete remains. Snow’s method pieces 
individuals together by going articulation to articulation until an entire individual is 
present. Because remains are often only partially complete, osteometric sorting utilizes 
formulae to determine whether two elements are a suitable match based on their size. 
This can be used for matching paired elements (i.e. two humeri), articulating elements 
(i.e. ox coxa and femur), or other elements (i.e. humerus and femur). This is particularly 
useful when sorting commingled human assemblages comprised of hundreds of 
individuals. 
One of the most important advantages of osteometric comparison is its usefulness 
with fragmentary remains (Adams and Byrd 2006). The other techniques often utilized 
for sorting commingled remains are not as successful when the remains are fragmented. 
Osteometric sorting is useful in finding inconsistent relationships between elements, and 
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this can lead to excluding elements from each other which is a very important step in 
segregation. Since this method uses statistical models to compare size and shape 
relationships between elements, it is objective rather than subjective. This is important 
because it allows for more confident segregation. 
Buikstra and colleagues (1984) investigated using osteometric sorting to evaluate 
the likelihood that two corresponding cervical vertebrae originated in the same 
individual. The study was test the null hypothesis of “congruence” in the size and/or 
shape of the corresponding vertebrae. Measurements were taken on cervical vertebrae in 
the Terry Collection skeletons at the Smithsonian Institution. For the statistical test, the 
variable was produced by subtracting a given measurement from a vertebra from the 
equivalent measurement value of the corresponding vertebra in the caudal direction. Then 
a t-test was used to compare the variable against the Terry sample mean. These results 
did not reverse the results of the traditional method of evaluating the fit of articulations, 
but served to provide a more objective analysis of a poor fit and the expected size range 
for a good fit.  
London and colleagues (1986, 1998) have also experimented with osteometric 
sorting in two separate studies. Their research focused on associating the femoral head 
with the acetabulum. The original study by London and Curran (1986) involved sample 
data collected from 100 individuals from the Maxwell Museum, University of New 
Mexico. They found a significant correlation between the femur head diameter and 
measurements of the acetabulum. Their study was successful, but the details for their 
sorting protocol are unclear. London and Hunt (1998) revised the measurements of the 
acetabulum to be applicable to a sample exhibiting arthritic lipping from the Smithsonian 
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Institution’s Terry Collection. These revised measurements were then tested on remains 
from the Huntington Collection. They found that osteometric sorting in combination with 
visual sorting can yield positive results for sorting commingled remains. 
A study by Rösing and Pischtschan (1995) explored osteometric sorting on an 
archaeological sample. Sixteen length and circumference measurements from long bones 
and two skull measurements were utilized. Correlation coefficients were calculated, and a 
98% confidence ellipse was calculated for a bivariate model comparing the lengths of the 
radius and ulna. These were chosen because they showed the highest correlation. The 
authors judged success on matching the radii and ulnae by the closeness of the true-match 
to the regression line. They suggested that mismatches would be further from the line. 
Mismatches were found to be closer to the regression line than the true matches in most 
cases, so it was determined that measurement data cannot be relied upon for matching 
elements. The authors conclude that sorting commingled remains is best done by utilizing 
subjective methods (Rösing and Pischtschan 1995). Byrd and Adams (2003) re-evaluate 
this method because of problems they see in the study, such as a small sample size and 
the statistical methods used. The methods used had strict criterion so only the closest 
individual would be a match and any other individuals close to the regression line would 
not be considered. Byrd and Adams (2003) felt this was impractical due to human 
variation. Most true matches would not lie on the regression line because of variation in 
bone sizes within the human skeleton. For their analysis, least squares regression models 
were used with an associated prediction interval to determine whether two elements are 
from the same individual. Using this statistical model they determine the method to be a 
useful technique for sorting remains. They found that the power of the method is best 
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when sorting individuals with a greater variation in size and that the error rates are 
consistently low. The authors suggest that this use of osteometric sorting is most effective 
when used in conjunction with other methods used for sorting commingled remains. 
In a case of commingling in South Africa in 2003, remains were found in a large 
grain bag by bush cutters and were determined to be several individuals. Police sent the 
remains to the University of Pretoria to be analyzed. L’Abbé (2005) utilized Snow (1948) 
and Byrd and Adams’ (2003) techniques for sorting remains which included visual pair 
matching, articulation, process of elimination, and taphonomy. Taphonomy varied widely 
and was useful in sorting the 378 bone elements that were present. Utilizing these 
methods, 155 of the bone elements were sorted into ten individuals. The rest of the 
elements, consisting mostly of ribs and vertebrae, could not be associated with any 
particular skeleton. The author suggests that this sorting could have been improved by 
utilizing osteometric sorting techniques to possibly increase the number of elements 
eliminated as a match (L’Abbé 2005). 
In a study by Adams and Byrd (2006), they demonstrate a systematic approach to 
sorting remains that utilizes gross and metric techniques, including visual pair-matching, 
articulation, process of elimination, and taphonomy and osteometric comparison, 
respectively. The remains are from a U.S. Army Cobra helicopter crash in South Vietnam 
in March 1969. A pilot (22 years, 6 months old, 66-67 inches tall) and gunner (26 years, 
8 months old, 67-70 inches tall) were on board. Partial remains were found two days later 
by a Search and Recovery team and processed through the U.S. Army Mortuary in 
Saigon. The pilot was identified to mostly upper body remains and artifacts, and the 
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gunner was identified by a distal right tibia and complete right foot from a combat boot 
marked with his name (Adams and Byrd 2006).  
In 2002 a local Vietnamese salvager rediscovered the crash site while looking for 
scrap metal and found human remains. He removed them, thus losing the context, and 
later contacted officials. The Central Identification Laboratory – Hawaii (CILHI) was 
notified eventually, and an anthropologist was sent to the site. The human remains and 
personal effects were turned over and later determined to be at least two individuals 
during analysis at CILHI. The authors utilized the guidelines put forth by Snow (1948) 
with a few modifications: first associating fragmentary remains, then sorting elements by 
type, side, and size (gracile to robust), and finally grouping elements by age utilizing 
stages of epiphyseal fusion. Then visual pair-matching, articulation, process of 
elimination, osteometric comparison, and taphonomy were each applied (Adams and 
Byrd 2006). 
Because there were only two individuals being identified in this study, articulation 
was a very successful and useful technique (Adams and Byrd 2006). Often times, 
duplicate elements remain after visual pair-matching and articulations have been utilized, 
so process of elimination can be useful in associating elements with a particular 
individual. In this particular study, the mandible turned over to CILHI was identified as 
Individual 2 utilizing this technique because a mandible had previously been identified as 
Individual 1 with dental records. This process is more effective when the remains being 
sorting come from a small number of individuals. As with the other techniques, it 
becomes more difficult when sorting a large-scale commingled assemblage because 
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eliminating an element does not always mean it can be matched to other remains (Adams 
and Byrd 2006). 
Taphonomy was particularly useful in this study.  Adams and Byrd (2006) were 
able to associate remains due to an orange-red colored rust that was caused by the metal 
from the aircraft. This rust was noted on numerous elements so it was clear that these 
elements were articulated at some point before the salvager removed them. Trauma 
present on the distal humerus and proximal radius and ulna was also used to associate the 
remains. Because of this trauma, articulation could not be utilized, but the similarities in 
trauma indicated the fractures had occurred while the remains were articulated.  
Using the regression models for osteometric sorting that assess the relationship of 
two elements previously put forth by Byrd and Adams (2003), the authors were able to 
associate a left humerus to a right femur from Individual 2 based on measurements of the 
humeral head and femoral head (Adams and Byrd 2006). This association would not have 
been able to be made with the other techniques in this study. 
These studies illustrate the methods and techniques utilized in the sorting of 
commingled human remains. They show the usefulness of osteometric sorting and when 
it can be more useful than the other techniques. When the method wasn’t used, it is 
described how it could have helped sort additional remains. It is clear that osteometric 
sorting is a necessary tool in sorting commingled human remains, especially when a large 
number of individuals are involved. 
This method is currently used in the sorting of a commingled assemblage at the 
Joint POW/MIA Account Command – Central Identification Laboratory (JPAC-CIL) in 
Honolulu, Hawaii. This assemblage, referred to as the “K208 Project,” is largely 
17 
 
fragmented and has been heavily sampled for DNA which limits the number of 
measurements that can be obtained. Due to the nature of the remains, measurements 
proposed by Byrd and Adams (2003) largely comprise the overall number of 
measurements that can be taken. Many of these measurements are at or near muscle 
attachment sites because these are areas that are more likely to survive fragmentation. 
These areas are more likely to be asymmetrical because of possible differences in 
mechanical loading. Therefore, it is important to investigate the affect asymmetry could 
have on these areas and, ultimately, this method.  
A preliminary study into the asymmetry of the individuals within the reference 
data utilized for osteometric sorting at JPAC-CIL was conducted by Minetz, LeGarde, 
and Byrd (2012). The muscle attachment site of the deltoid muscle on the humerus 
(maximum diameter of the humerus at the deltoid tuberosity) was chosen as the focus of 
the study due to its possible relation to handedness. The maximum length and 
epicondylar breadth of the humerus were also used. The authors expected the greatest 
amount of asymmetry to be seen in the two breadth measurements based on previous 
studies discussed above. The osteometric sorting method was used to determine 
asymmetry. Any individual with significantly different left and right elements that would 
normally be considered a possible elimination was considered asymmetrical. The sample 
size consisted of 59 individuals. Asymmetry was found, but the results were opposite 
what the authors expected. More individuals were asymmetric in length than breadth. The 
authors concluded that a more thorough investigation of asymmetry was necessary to 
determine the cause of this unexpected result. 
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Asymmetry 
 Asymmetry is investigated in this study utilizing the osteometric sorting method. 
This method is used because the frequency and degree at which asymmetry could cause 
incorrect sorting of commingled remains is unknown. The human body is generally 
thought to be symmetrical along the midline; however, asymmetry is quite common. This 
can be due to morphological or physiological reasons. Mechanical stress and strain over 
different bones can cause bilateral variations in the upper or lower limb, generally leading 
to greater development on one side, and this is referred to as directional asymmetry (Van 
Valen 1962; Kanchan et al. 2008). Directional asymmetry can be found when the mean 
values from an element are consistently larger on one side. It is common to find an upper 
limb more dominant than the other (directional asymmetry), and often times the opposite 
lower limb is dominant, referred to as crossed symmetry (Palmer and Strobeck 1986; Čuk 
et al. 2001; Aeurbach and Ruff 2006; Kanchan et al. 2008). Asymmetry can be present in 
a population but variable in which side is greater, defined as antisymmetry (Van Valen 
1962).  A third type of asymmetry is fluctuating symmetry which results in a mean of 
zero because the asymmetry is inconsistent in direction (Palmer and Strobeck 1986). For 
this study, directional asymmetry will be investigated because the hypothesis is that hand 
preference causes increased robusticity on one side so the sample will exhibit a right-side 
dominant distribution for differences in left and right elements.  
In an early study of the overall shape of the humerus by Hrdlička (1932), he noted 
the presence of asymmetry. Hrdlička was investigating the shape of the humerus for 
whites, American Indians and blacks from a skeletal sample started in 1890 by George V. 
Huntington at the College of Physicians and Surgeons and aided by Hrdlička. He 
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measured 4432 humeri from males and females for this study. When noting the 
differences between the sexes, Hrdlička found the “left female bone is on the average and 
relatively to the male, shorter than the right” (1932:437). A “humero-femoral index” was 
also calculated in this study and was found to be lower on the left side. Hrdlička states 
that this is due to a longer left femur in all cases. This appears to also be the first 
indication of crossed symmetry. 
Latimer and Lowrance (1965) studied weight and length differences of skeletal 
elements from an Asian sample. They found that all the long bones of the upper limb are 
longer and heavier on the right side while the left femur is heavier and longer in the lower 
limb. The tibiae and fibulae were not as uniform with the right being heavier, but the left 
tibiae were longer and the right fibulae were longer. Overall, the upper limb exhibits 
more asymmetry than the lower limb. Another interesting finding of this study was that 
the proximal elements of the upper and lower limb and the scapulae and os coxae show a 
greater amount of asymmetry in weight than the distal elements of each limb. This 
suggests that the mechanical loading is greater in these areas. 
 Hiramoto (1993) analyzed an archaic sample for right-left differences of the 
humerus, radius, femur and tibia. The humerus and radius were found longer on the right-
side, and the femur and tibia were found to be longer on the left-side. This difference was 
greater for the upper limb. It was also found that the mean difference between the right 
and left elements was greater in females than males. The humerus was found to have the 
most variable mean differences. These results support both the directional asymmetry and 
crossed symmetry theories.  
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Individuals from the Wharram Percy skeletal collection were studied by Mays and 
colleagues (1999) to test they hypothesis that the right clavicle tends to be shorter than 
the left clavicle. The length, midshaft diameters, and curvature were analyzed. The length 
was found to be greater more often in the lefts, but the right clavicles were generally 
more robust with larger midshaft diameters. No significant asymmetry in medial 
curvature was found, but males were found to have greater lateral curvature in left 
clavicles. These results supported the hypothesis that increased compressive forces in the 
shoulder girdle from hand use restrict the development of the clavicle on the dominant 
side. The authors suggest that the clavicle could be used to infer handedness (Mays et al. 
1999).  
Čuk and colleagues (2001) studied long bone asymmetry of 42 skeletons from a 
site in northeast Slovenia from between the tenth and fifteenth centuries. The humerus, 
ulna, radius, femur, and tibia were analyzed when both the left and right were available 
for each element. They found that the upper limb showed a greater degree of asymmetry 
than the lower limb. The directional asymmetry of the upper limb was to the right while 
the lower limb was to the left. The humerus showed the greatest amount of asymmetry of 
any of the elements analyzed with the minimum circumference and shaft width being 
more asymmetric than the maximum length of the humerus. This could be because the 
length of the humerus stops growing between 18 and 25 years of age while the width can 
continue to change due to biomechanical factors through life. The authors attributed this 
high degree of asymmetry of the humerus to handedness. They also found that the 
proximal end of the humerus and the distal ends of the radius and ulna were more 
asymmetric than the distal and proximal ends, respectively. This was said to be due to a 
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greater amount of stress at the shoulder and wrist than the elbow. In the lower limb, the 
femur was found to be greater on the left side, regardless of the direction of asymmetry in 
the upper limb. However, the tibia followed the crossed symmetry pattern where the 
greater right humerus would have a greater left tibia. The authors suggested that this 
could mean that right-handed people have a dominant left leg, and left-handed people 
have a dominant right leg, but all individuals have a supportive left leg because of the 
greater left femur. 
Plochocki (2002) investigated asymmetry of the sacrum, hypothesizing that the 
left side would be larger because activities of the right upper limb have shown to cause 
greater mechanical loading of the left lower trunk and limbs. Three measurements were 
taken: posterior breadth of the alae, lateral breadth of the alae, and maximum auricular 
surface height. Significant asymmetry was seen in all three components of the sacrum 
analyzed and all was in the left direction. The author analyzed sacrum from 16 to 97 
years of age and saw no consistent changes with increasing age. He suggested that this 
suggests that this asymmetry is developed during endochondral bone growth and remains 
the same during adulthood. This could be the case in all lower limb elements. Akman and 
colleagues (2008) further investigated this idea and the possible relationship to 
handedness. They found that the left side was consistently larger than the right. The 
authors concluded that this was due to the majority of the population being left 
hemisphere dominant in the brain and, therefore, right-handed (Akman et al. 2008).  
Auerbach and Ruff (2006) studied 780 adult Holocene skeletons from numerous 
populations, two industrial populations and the rest pre-industrial. Lengths, articular or 
peri-articular breadths, and midshaft diaphyseal breadths were measured for the humerus, 
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radius, femur, and tibia. They calculated a percentage directional asymmetry (%DA) for 
each measurement to account for the differences in the different element sizes as (p. 204): 
%DA = (right – left)/(average of left and right) x 100 
The upper limb was found to be significantly right-biased, and the lower limbs were not 
as asymmetrical but were left-biased when significant. The least variability in asymmetry 
was found in bone lengths, and the diaphyseal breadth dimensions of all elements had the 
greatest directional asymmetry. This follows the general trend seen in the other studies. 
The authors did find some correlation between the directional asymmetry of the humerus 
and the radius of both the diaphyseal breadths and the maximum lengths.  
 Auerbach and Ruff (2006) also investigated possible male and female differences 
in directional asymmetry. Their study found that males had significantly greater 
directional asymmetries of the humeral head diameter and humeral diaphyseal breadths 
while females had greater directional asymmetries of the maximum lengths of the humeri 
and radii. They suggest that this difference could be greater mechanical loading on the 
upper limbs for males than females. The factors causing this directional asymmetry of 
humeral and radial maximum lengths for females is unknown. 
Auerbach and Raxter (2008) studied asymmetry of the clavicle and asymmetry of 
the humerus to investigate whether axial and appendicular elements are functionally 
related. They expected the diaphyseal breadths of the two elements to be correlated. The 
clavicle has many functions, including a connection point between the upper limb and 
axial skeleton, brace for transferring upper-limb forces to the thorax, an anchor for the 
shoulder joint to the ribs and sternum, and an attachment site for muscles and ligaments. 
Because of these numerous tasks, the clavicle has many forces exerted on it. This causes 
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a high degree of asymmetry, as seen in this study and an earlier study conducted by Mays 
and colleagues (1999). Auerbach and Raxter (2008) found significant positive 
correlations between the diaphyseal breadths of the clavicles and the humeri for the 
overall sample and the male portion of the study. However, crossed symmetry was seen 
for clavicular lengths in relation to the diaphyseal breadth and maximum length of the 
humerus. This seems to support the results seen in Mays and colleagues (1999) study. 
Auerbach and Raxter conclude that diaphyseal breadths are more sensitive to mechanical 
loading than lengths. 
An anthropomorphic study investigating asymmetry by Krishan, Kanchan and 
DiMaggio (2010) found that asymmetry may affect stature estimation in forensic 
anthropology case work. The sample consisted of 967 living adult male Gujjars of North 
India between 18 and 30 years of age. Anthropometric measurements and stature were 
taken on right-handed individuals only. These measurements included total upper 
extremity length, upper arm length, forearm length, hand length, total lower extremity 
length, and lower leg length. All measurements were found statistically significantly 
asymmetric except hand length. They suggest that this asymmetry can cause inaccurate 
results when estimating stature if the correct side formulae are not used. Their results also 
showed the cross-symmetry pattern seen in other studies. 
Pierre and colleagues (2010) studied the femur to investigate symmetry in size, 
bone mineral density, and cross-sectional structure. Femora were obtained from 20 
cadavers. No significant differences were found between the left and right femora. This 
follows the general idea that the lower limb exhibits a lower degree of asymmetry than 
the upper limb. 
24 
 
Blackburn (2011) studied whether upper limb asymmetry is a trait present at birth 
or whether it is developed throughout life by utilizing three measurements of the 
humerus: maximum length, epicondylar breadth (maximum distal mediolateral 
metaphyseal breadth when epicondyles are not fused), and maximum midshaft diameter.  
Four age categories were analyzed: fetus-12 months; 1-8 years; 9-17 years; 18+ years. 
The youngest group did not have any significant directional asymmetry, but the other 
three groups did for the midshaft diameter and length, and the 9 to 17 year age group was 
for epicondylar breadth. The infant group tended to be slightly asymmetrical in the 
epicondylar breadth. The results of this study supported the idea that directional 
asymmetry to the right-side becomes stronger with age, but that asymmetry is not present 
at birth. This study also suggests that diaphyseal breadth is most responsive to 
mechanical stimuli based on their results.  
 
Handedness  
Handedness is the tendency to use one hand over the other. Modern populations 
generally exhibit about 90% of individuals being right-handed (Glassman and Dana 
1992). Anthropologists have been estimating handedness from skeletal remains based on 
the theory that the use of one hand will cause increased growth in length and greater 
development of muscle attachment sites on the upper limb bones on the side with greater 
use (Glassman and Dana 1992). This may be true, but few studies have been done on 
samples with known handedness and these have been done on living individuals 
(Blackburn and Knüsel 2006; Krishan et al. 2010). 
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Glassman and Bass (1986) investigate the hypothesis that the jugular foramen can 
be used to determine handedness. According to personal communication between one 
author (Bass) and Dr. Charles E. Snow, the side with the larger jugular foramen indicates 
the individual’s hand preference. For this study, the jugular foramen and long bones 
(humerus, radius, and ulna) of 125 males and 57 females were examined. Asymmetry of 
the long bones was compared to the asymmetry of the jugular foramen. There was no 
pattern among the results. Individuals with larger left foramen did not consistently exhibit 
left-side dominance of the long bones. The same was true for the right side. From these 
results, the authors suggest that only jugular foramen or long bones could be associated 
with handedness and from their study, neither can be confirmed to be related. Further 
investigation of the relationship between jugular foramen and handedness was conducted 
by Glassman and Dana (1992). Subjects were scored for jugular foramen asymmetry 
during autopsy and compared to handedness information obtained from family members. 
There were 54 subjects, 47 right-handed and 7 left-handed. Some subjects were 
considered symmetrical, so 36 individuals were considered asymmetrical. Thirty had 
larger right-side foramina, 26 right-handed and 4 left-handed, and 6 had larger left-side 
foramina, 4 right-handed and 2 left-handed. These results indicate that there is no 
significant association between jugular foramen asymmetry and handedness.  
The intertubercular sulcus of the humerus was analyzed by Vettivel and 
colleagues (1992) for its relation to handedness. The maximum width and depth and 
angle of the intertubercular sulcus from 100 adult humans were measured. The mean 
width of the sulcus was larger in the right than the left while the depths were similar. The 
mean angle of the sulcus for both the later and medial walls was smaller for the right 
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humerus. The authors attribute this to the size of the biceps tendon and suggest that the 
right side has larger angles because of a larger right biceps muscle. They also found that 
the length of the humerus was correlated with the size of the intertubercular sulcus. The 
authors concluded that these results could show that the size of the intertubercular sulcus 
could be related to handedness. 
Blackburn and Knüsel (2006) studied a modern sample to investigate whether 
handedness could be inferred from dimensions of the humerus. This study used the 
epicondylar breadth of the humerus because it can be measured on living individuals 
because the epicondyles are close to the surface of the skin. They used the same equation 
used by Auerbach and Ruff (2006) to calculate %DA. The sample consisted of 50 living 
individuals, 42 right-handed and 8 left-handed. They found that the metric results co-
insided with self-assessed handedness 34 out of the 50 which meant that the epicondylar 
breadth correctly reflected an individual’s preferred hand in 68% of the individuals. A 
positive relationship between direction of asymmetry and an individual’s hand preference 
was found. The degree of asymmetry seen in this sample was compared to the degree of 
asymmetry seen in a skeletal sample (Raunds Furnells). A significant difference was 
found. The modern living population had a greater degree of asymmetry than the skeletal 
sample. The authors suggest that this would normally suggest a higher level of physical 
activity in the modern sample, but the skeletal population is known to have had a rigorous 
life. They suggest that further investigation is necessary to understand these results. This 
difference could be due to measuring a living population versus a skeletal population. It 
is also possible that the lower degree of asymmetry seen in the skeletal sample could be 
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due to greater physical labor that stressed both limbs which would result in less 
asymmetry. 
A study of the length and robustness of the humerus was conducted on 105 
individuals from the William M. Bass donated collection (Driscoll 2007). This collection 
has handedness information, so 15 individuals were left-handed and 90 were right-
handed. The maximum length was measured and the weight for each humeri was 
calculated. A t-test of the rights found that the lengths and weights were significantly 
different from the left, but a t-test of the lefts did not find a significant difference. When 
all were pooled together, the left- and right-handed remains could not be differentiated. 
Driscoll concluded that handedness would be difficult to determine on an unknown 
sample. 
Many of these studies have focused on the humerus (Latimer and Lowrance 1965; 
Hiramoto 1993; Čuk et al. 2001; Auerbach and Ruff 2006; Blackburn and Knüsel 2006; 
Auerbach and Raxter 2008). This element has been chosen to study due to its high 
involvement in occupational and daily tasks. Studies have implicated the relation of the 
humerus to handedness because the proportion of right-dominant measurements generally 
follows the number of right-handed individuals in the general population. However, most 
of these studies do not have known handedness data. One study with handedness 
information was done, but only the length and weight of the humerus was investigated 
(Driscoll 2007). The relation of handedness and asymmetry needs to be investigated with 
a sample of individuals with known handedness more thoroughly, and that is the goal of 
this study. Also, many of these studies have investigated asymmetry on non-modern 
populations, and it is likely that these populations would have more labor intensive duties 
28 
 
that would cause a greater degree of asymmetry. It is important to study the degree and 
frequency of asymmetry in a modern population with known handedness data. The 
degree at which this asymmetry could influence the osteometric sorting method is 
unknown. The studies discussed in this paper have shown that this is an important 
method for sorting commingled remains, so it is important to investigate the potential 
effect asymmetry could have on this method. This study aims to identify the frequency of 
asymmetry and the potential relationship to handedness while also investigating the 
potential adverse effect this asymmetry could have on the osteometric sorting method. 
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Chapter III 
 
 
MATERIALS 
 
 
 The sample utilized in this study consists of 239 skeletal specimens. This study 
employs two groups. One group is composed of 88 individuals from multiple collections 
measured by Dr. John Byrd, Dr. Bradley Adams and other Joint POW/MIA Accounting 
Command – Central Identification Laboratory (JPAC-CIL) staff. The collections from 
which individuals were drawn for this sample include: Central Identification Laboratory 
and Forensic Science Academy (FSA), Joint POW/MIA Accounting Command; 
Department of Anthropology, Smithsonian Institution; International Commission on 
Missing Persons (ICMP), Bosnia-Herzegovina; Peabody Museum, Harvard University; 
and the William M. Bass Donated Skeletal Collection, Forensic Anthropology Center, 
University of Tennessee, Knoxville. This group will be referred to as the Byrd & Adams 
sample. The other group, the test sample, consists of 151 individuals from the Bass 
Donated Collection. The Bass Donated Collection was chosen to comprise the test 
sample because this collection has handedness data. Not all individuals in the collection 
have this information, so only the specimens with handedness information noted were 
measured. The ancestry and sex information for the data is outlined in Table 1. The test 
data followed the general population for the number of left- and right-handed with 134 
(88.7%) right-handed and 15 (9.9%) left-handed. Two individuals were considered 
ambidextrous. The sample is split into these two groups because only the test sample has 
handedness information, so the Byrd & Adams sample is used to increase the sample 
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size. This allows for a better representation of the normal variation seen within a 
population. 
Table 1. The ancestry and sex information for each collection utilized in this study. 
 
Byrd & Adams Data 
Collection Ancestry 
Sex 
Male Female Unknown 
JPAC-CIL American White 6   
American Black 2   
JPAC-CIL FSA Unknown 5 2 6 
Smithsonian Japanese 4 1  
Korean 1   
Guatemalan  1  
Peabody Mexican 2 3  
ICMP Tuzla White 15   
ICMP Visoko White 17   
Bass Donated American Black 5 2  
American White 12 4  
Totals  69 13 6 
Test Data 
Collection Ancestry 
Sex 
Male Female Unknown 
Bass Donated American Black 5 1  
American White 98 46  
Hispanic 1   
Totals  104 47  
  
 The specimens that make up the test data were measured by the author at the 
William M. Bass Donated Collection located at the University of Tennessee, Knoxville. 
This collection consists of recent skeletal remains with known age at death, sex, ancestry, 
and handedness. Humeri, radii, and femora from males and females under the age of sixty 
that were fully ossified were measured. Any skeletal elements with signs of pathology, 
trauma, and/or postmortem damage that interfered with the integrity of the bone were not 
used. A Mitutoyo Digimatic Caliper and an osteometric board were used to take 
measurements. The digital calipers were connected directly to a Gateway laptop to obtain 
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the measurement directly into a Microsoft Office Access database created for this study. 
These measurements were recorded in millimeters, with precision of 0.01 mm with the 
digital calipers and 0.5 mm with the osteometric board, according to definitions presented 
by Buikstra and Ubelaker (1994) and Byrd and Adams (2003). The following 
measurements were taken for this study: 
40. Humerus: Maximum Length (HML*): Direct distance from the most 
superior point on the head of the humerus to the most inferior point on the 
trochlea (Buikstra and Ubelaker 1994: 80, fig 49). 
 
41. Humerus: Epicondylar Breadth (HEB*): Distance of the most laterally 
protruding point on the lateral epicondyle from the corresponding projection of 
the medial epicondyle (Buikstra and Ubelaker 1994: 80, fig 49). 
 
44B. Minimum Diameter of the Diaphysis (HMiD*): The minimum diameter 
of the humeral diaphysis taken in any direction perpendicular to the shaft (Byrd 
and Adams 2003: 8).  
 
44D. Maximum Diameter of Diaphysis at the Deltoid Tuberosity (MDDT*): 
The maximum diameter of the diaphysis within the length of the deltoid 
tuberosity (Dr. John Byrd, personal communications).  
 
45. Radius: Maximum Length (RML*): Distance from the most proximally 
positioned point on the head of radius to the tip of the styloid process without 
regard for the long axis of the bone (Buikstra and Ubelaker 1994: 80, fig 50). 
 
47A. Maximum Diameter at the Radial Tuberosity (MDRT*): The maximum 
shaft diameter on the radial tuberosity (Byrd and Adams 2003: 8). 
 
47B. Maximum Diameter of Diaphysis Distal to Radial Tuberosity (RMaD*): 
The maximum shaft diameter distal to the radial tuberosity, positioned along the 
interosseus crest (Byrd and Adams 2003: 8). 
 
47C. Minimum Diameter of Diaphysis Distal to Radial Tuberosity (RMiD*): 
The minimum shaft diameter anywhere distal to the radial tuberosity (Byrd and 
Adams 2003: 8). 
 
60. Femur: Maximum Length (FML*): The distance from the most superior 
point on the head of the femur to the most inferior point on the distal condyles 
(Buikstra and Ubelaker 1994: 82, fig 54). 
 
*Abbreviations added by the author 
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METHODS 
 
Data Collection 
 Individuals under the age of sixty were chosen for this study to reduce the 
likelihood of osteoarthritis that interferes with the accuracy of the measurements. 
Measurements were not taken on any specimens that exhibited any type of pathological 
condition, such as the humeral head displayed in Figure 1. If one bone was compromised, 
then the individual was not measured for this study. Epiphyses had to be fully fused. 
Measuring HMiD, MDDT, MDRT, RMaD, and RMiD required use of the sliding 
calipers. The calipers were rotated around the bone until the maximum or minimum 
diameter was found. The osteometric board was used to measure HML, HEB, RML, and 
FML. Pictures were taken with a Canon PowerShot© SD400. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Humeral head exhibiting a pathological defect that affected the integrity 
of the measurements normally taken on a humerus, therefore, this particular 
individual was not measured (UT 67-05D). 
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Reliability of Measurements 
 To ensure the reliability of the measurements utilized in this study and decrease 
interobserver error, specimens measured previously by Byrd and Adams were measured 
by the author. Twenty-three individuals from the reference data were measured. The 
measurements were then compared to the original dataset to ensure that the 
measurements were within 2 mm.  
 
Osteometric Sorting 
 The osteometric sorting method was used in this study to determine the frequency 
of asymmetry in a modern sample. Known paired elements are utilized in this study, so 
results from the osteometric sorting method indicating two elements are from two 
individuals are classified as asymmetrical. This method determines the summed 
difference (D) of a measurement (or multiple measurements) by using the formula 
D = ∑(ai-bi) 
where a is the measurement from the left side, b is the measurement from the right side, 
and i is a particular measurement (Byrd 2008). This allows for the use of multiple 
measurements, particularly when fragmentation is present. The null hypothesis is that 
there is no difference between the left and right sides. To test this hypothesis, the value of 
D is compared against zero – using the assumption that there is no difference between left 
and right sides – and divided by the standard deviation of the sample set. This value is 
then evaluated against the t-distribution with two tails to obtain a p-value (Byrd 2008). 
This method utilizes a p-value to determine whether a significant difference in 
size exists. A p-value less than 0.10 indicated that two elements were significantly 
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different, and therefore, deemed to be asymmetrical. This would also indicate that the 
elements would be considered too dissimilar in size to be from the same individual when 
using the osteometric sorting method and would be sorted incorrectly. Therefore, the 
frequency of asymmetric individuals also represents the frequency at which the 
osteometric sorting method yields incorrect results.  
For these analyses, the Byrd & Adams data was combined with the test data. This 
increases the total data set while leaving only the test data as “test individuals.” 
Individuals from the data set that did not have measurements from both the left and right 
elements were excluded from that analysis. The analyses conducted utilizing the 
osteometric sorting formulae for pair-matching are listed in Table 2 along with the 
number of individuals in the data set. The femur is also utilized in these analyses to give a 
baseline for the amount of asymmetry seen in an element that has minimal difference 
between the sides. 
Table 2. The measurements utilized for each analysis with the number of individuals in 
the data set. 
Measurement(s) 
Number of Individuals 
Test Sample Byrd & Adams Sample Total 
Humerus    
   MDDT 151 88 239 
   HML  151 72 223 
   HEB 148 76 224 
   MDDT+HML 151 72 223 
   MDDT+HEB 148 76 224 
   MDDT+HMiD 151 82 233 
   MDDT+HML+HEB 148 69 217 
   MDDT+HML+HEB+HMiD 148 63 211 
Radius    
   RML 142 55 197 
   MDRT 145 77 222 
   RML+MDRT 142 55 197 
   MDRT+RMiD+RMaD 144 77 221 
Femur    
   FML 118 34 152 
35 
 
In the study conducted by Minetz and colleagues (2012) it was expected that there 
would be a large number of individuals with significant differences in breadth 
measurements and not as many with length measurements. However, 11 individuals 
(21%) had significantly different HML measurements, and only 5 (8%) had significantly 
different MDDT measurements. To investigate whether a larger reference data set 
improves the performance of this method, the analysis was done again including the test 
data and measurements of individuals without handedness data done in the reliability test. 
This increased the reference set from 59 to 240 individuals for the MDDT analysis and 
222 individuals for the HML analysis.  
The number of individuals with significant D-values for MDDT increased from 5 
to 10 while the number significant for HML decreased from 11 to 9. This changed the 
percentage of individuals considered asymmetric to be 17% for both analyses. The group 
of individuals from the Bass Donated Collection measured for the reliability test was 
removed from the MDDT analysis, bringing the total number in the sample to 209. When 
this was done, 14 individuals (23.7%) had significantly different D-values. This showed 
that the individuals representing the reference data can greatly change the number of 
individuals considered to be asymmetric. However, it seems that the larger the reference 
sample is, the more the normal variation would compensate for this and the test would 
perform the best. For this reason, I chose to combine the test sample with the Byrd and 
Adams sample for the analyses. 
First only the maximum diameter of diaphysis at the deltoid tuberosity was 
employed with the osteometric formulae for pair-matching elements. The total sample 
size used in this analysis was 239 individuals. The first test individual was removed from 
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the sample and used as “Individual 1.” The summed difference for each specimen in the 
data set and Individual 1 was determined. Then the standard deviation of the data set – 
excluding Individual 1 – was calculated. The p-value was then determined by evaluating 
the t-distribution against the deviation from zero (no difference between left and right 
elements) divided by the data set standard deviation (Byrd 2008). The test individual was 
then returned to the sample and the next individual became the “test individual” as the 
procedure was repeated for all specimens in the test data (151 individuals). This 
procedure is conducted the same for any analysis utilizing the pair-matching formulae. 
In addition to those analyses listed above, male and female differences were also 
investigated. HML and MDDT were looked at with males only and females only in the 
sample set to examine any differences in asymmetry between the sexes. The sample sets 
for these analyses had 104 and 47 individuals for males and females, respectively. The 
procedure for analysis was the same as described above. 
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Chapter IV 
 
 
RESULTS 
 
In this chapter the results of the analyses are presented for the following 
measurements: Humerus: maximum length (HML), Humerus: epicondylar breadth 
(HEB), minimum diameter of the diaphysis (HMiD), maximum diameter of diaphysis at 
the deltoid tuberosity (MDDT), Radius: maximum length (RML), maximum diameter at 
the radial tuberosity (MDRT), maximum diameter of diaphysis distal to radial tuberosity 
(RMaD), minimum diameter of diaphysis distal to radial tuberosity (RMiD), and Femur: 
maximum length (FML). These measurements were utilized to investigate the frequency 
of asymmetry of the humerus. The analyses were conducted using the osteometric 
formula for pair-matching. This was done to investigate the frequency at which 
asymmetry could cause two paired elements to be incorrectly sorted and whether this 
asymmetry could be caused by handedness. Asymmetry of the radius was also 
investigated to determine whether this asymmetry is correlated with asymmetry of the 
humerus. 
All analyses resulted in significant results. Seventy-five individuals (49.7% of the 
test sample) had a significant difference between left and right elements for at least one 
analysis, 67 of these individuals were right-handed and 8 were left-handed. The results 
for each analysis are detailed below. 
Outliers 
Three individuals (UT62-06D, UT95-06D, UT74-08D) were considered outliers 
in the analyses conducted in this study because they had D-values considerably larger 
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than the other individuals in the tests. These outliers were removed from the following 
tests: HML, MDDT+HML, MDDT+HML+HEB, MDDT+HML+HEB+HMiD, RML, 
RML+MDRT, and FML. Each individual was considered an outlier for a different 
element: UT74-08D for the humerus, UT62-06D for the radius, and UT95-06D for the 
femur. UT95-06D had significant results for the humerus and radius, but this individual 
was not considered an outlier for these analyses. When UT95-06D was removed from the 
FML analysis, the same individuals were asymmetric, so it appeared that the test was not 
affected by this individual. It is possible that this individual was not a true outlier. UT74-
08D and UT62-06D did not have significant D’s for the other elements and only affected 
analyses utilizing length measurements. 
The length of the left humerus was longer than the right for UT74-08D while the 
length of the radius was exactly the same for the left and right. Removing this individual 
for HML alone caused five additional individuals to have significant differences between 
the left and right. For MDDT+HML and MDDT+HML+HEB, only one additional 
individual was considered asymmetric when UT74-08D was removed from the original 
test. For MDDT+HML+HEB+HMiD, the same individuals were asymmetric when 
UT74-08D was removed. For each of these, the breadth measurement was larger on the 
right side, while the length measurement was larger on the left side, so for each test 
combining HML with an additional breadth measurement, the individual was less of an 
outlier. The results with and without each of the outliers are shown below. 
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Humerus 
Analysis of the humerus indicated that significant asymmetry was present. Forty-
nine individuals had a significant difference in size between the left and right element for 
at least one analysis, with 37 of these individuals asymmetric for measurements of the 
humerus only. The first analysis, investigating maximum diameter of the diaphysis at the 
deltoid tuberosity (MDDT) only, included 239 total individuals in the data set. The 
variance of the summed difference (D) of the data set was 0.983 and the standard 
deviation was 0.9914. The range was 7.68 with a minimum value of -2.82 and a 
maximum value of 4.86. The mean value of D was -0.5757. The distribution of the data 
set and the distribution of the test sample with D-cutoffs can be seen in Figures 3 and 4, 
respectively. From the data set, 151 were from the test data with handedness information, 
and 19 had a D significantly different than 0. This represented 12.6% of the test sample. 
All nineteen of these had a larger right-side measurement, and 18 of those were right-
handed (Table 3). To see the significant results for each analysis and the D-values of 
significant individuals for all tests together, see Appendix A and B, respectively.  
 
Table 3. Results for the MDDT analysis. 
 
MDDT 
 Asymmetric Symmetric Total 
Number 19 132 151 
Percent 12.6 87.4 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 0 0 0 
Right-side larger 1 18 19 
Total 1 18 19 
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Figure 3. Distribution of the total sample set with the normal distribution curve for the 
analysis of MDDT. 
  
Figure 4. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT. 
 
 
D-cutoff = 1.65 
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Next, HML alone was evaluated, and there were 223 total individuals in the data 
set. The variance of D was 13.420 and the standard deviation was 3.6633. The range was 
28.50 with a minimum value of -10.50 and a maximum value of 18.00. The mean value 
of D was -0.9529. The distribution of the data set and the distribution of the test sample 
with D-cutoffs can be seen in Figures 5 and 6, respectively. From the data set, 151 were 
from the test data with handedness information, and 11 had a D significantly different 
from 0 which was 7.3%. This was the most successful upper-limb test (Table 20). Seven 
individuals had larger right-side measurements, with 6 of them being right-handed and 1 
left-handed. The remaining 4 individuals had larger left-side measurements, and all of 
these were right-handed.  
One individual (UT74-08D) appeared to be an outlier, so the same analysis was 
done without that individual. This led to a variance of 11.848 and standard deviation of 
3.4421. The range was narrowed to 19.50 with the same minimum value of -10.50, but a 
maximum value of 9.00. The mean value of D was -1.0383. Figure 5 illustrates the 
change of the distribution and the normal curve with the outlier removed. Figure 7 shows 
the distribution of the test sample with the outlier removed and the change in the D-
cutoff. Without the outlier, 14 individuals had significant D-values which now 
represented 9.3% of the individuals. The right-side measurement was larger on 10 
individuals, 9 of these being right-handed and 1 left-handed. The remaining four with 
significant D-values had larger left-side measurements, and all of these were right-
handed. The results can be seen in Table 4. 
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Table 4. Results for the HML analysis, including the analysis when the outlier was 
removed.  
 
HML Outlier Removed 
 Asymmetric Symmetric Total Asymmetric Symmetric Total 
Number 11 140 151 14 137 150 
Percent 7.3 92.7 100 9.3 90.7 100 
Asymmetrical Individuals  
 Left 
Handed 
Right 
Handed Total 
Left  
Handed 
Right 
Handed Total 
Left-side larger 0 4 4 0 4 4 
Right-side larger 1 6 7 1 9 10 
Total 1 10 11 1 13 14 
 
 
 
 
Figure 5. Distribution of the total sample set with the normal distribution curve for the 
analysis of HML. Graph on the right displays distribution when outlier was removed. 
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Figure 6. Distribution of the test sample with the D-cutoffs shown for the analysis of 
HML. 
 
 
Figure 7. Distribution of the test sample with the D-cutoffs shown for the analysis of 
HML with the outlier removed. Note the change in D-cutoff from Figure 6. 
 
D-cutoff = 6.05 
D-cutoff = 5.69 
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The analysis of MDDT and HML included 223 total individuals, 151 from the test 
set. The variance of D was 14.080 and the standard deviation was 3.7524. The range was 
26.87 with a minimum value of -10.20 and a maximum value of 16.67. The mean value 
of D was -1.5337. The distribution of the data set and the distribution of the test sample 
with D-cutoffs can be seen in Figures 8 and 9, respectively. Thirteen individuals had a D 
significantly different from 0 which was 8.6% of the test sample. Ten individuals had 
larger right-side measurements, with 9 of them being right-handed and 1 left-handed. The 
remaining 2 individuals had larger left-side measurements, and both of these were right-
handed (Table 5).  
The same individual (UT74-08D) that was considered an outlier in the HML test, 
also appeared to be an outlier in this test, causing the maximum value of 16.67. The same 
analysis was done without that individual. This led to a variance of 12.638 and standard 
deviation of 3.5550. The range was narrowed to 19.47 with the same minimum value of -
10.20, but a maximum value of 9.27. Figure 8 illustrates the change of the distribution 
and the normal curve with the outlier removed. Figure 10 shows the distribution of the 
test sample with the outlier removed and the change in the D-cutoff. Without the outlier, 
13 individuals had significant D-values, so 1 new individual was now significant, and this 
represented 8.7% of the test sample. The right-side measurement was larger on 12 
individuals, 11 of these being right-handed and 1 left-handed. The remaining individual 
had larger left-side measurements and was right-handed. The results of significant 
individuals for these tests can be seen in Table 5. 
 
 
 
 
45 
 
 
Table 5. Results for the MDDT+HML analysis, including the analysis when the outlier 
was removed.  
 
MDDT+HML Outlier Removed 
 Asymmetric Symmetric Total Asymmetric Symmetric Total 
Number 13 138 151 13 137 150 
Percent 8.6 91.4 100 8.7 91.3 100 
Asymmetrical Individuals  
 Left 
Handed 
Right 
Handed Total 
Left  
Handed 
Right 
Handed Total 
Left-side larger 0 2 2 0 1 1 
Right-side larger 1 10 11 1 11 12 
Total 1 12 13 1 13 13 
 
 
 
Figure 8. Distribution of the total sample set with the normal distribution curve for the 
analysis of MDDT+HML. Graph on the right displays distribution when outlier was 
removed. 
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Figure 9. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT+HML. 
 
 
Figure 10. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT+HML with the outlier removed. Note the change in D-cutoff from Figure 9. 
D-cutoff = 6.20 
D-cutoff = 5.87 
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In the analysis of HEB only, there were 224 total individuals in the data set. The 
variance of D of the data set was 1.489 and the standard deviation was 1.2204. The range 
was 6.66 with a minimum value of -3.50 and a maximum value of 3.16. The mean value 
of D was -0.3000. The distribution of the data set and the distribution of the test sample 
with D-cutoffs can be seen in Figures 11 and 12, respectively. From the data set, 148 
were from the test data with handedness information, and 19 had a D significantly 
different than 0. This represented 12.8% of the test sample. Thirteen of these had a larger 
right-side measurement, and all of them were right-handed. Of the 6 with larger left-side 
measurements, 3 were right-handed and 3 were left-handed (Table 6). 
 
Table 6. Results for the HEB analysis. 
 
HEB 
 Asymmetric Symmetric Total 
Number 19 129 148 
Percent 12.8 87.2 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 3 3 6 
Right-side larger 0 13 13 
Total 3 18 19 
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Figure 11. Distribution of the total sample set with the normal distribution curve for the 
analysis of HEB. 
 
 
Figure 12. Distribution of the test sample with the D-cutoffs shown for the analysis of 
HEB. 
D-cutoff = 2.02 
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 In the analysis of MDDT and HEB, there were 224 total individuals in the data 
set. The variance of D was 3.221 and the standard deviation was 1.7948. The range was 
13.41 with a minimum value of -5.55 and a maximum value of 7.86. The mean value of 
D was -0.8774. The distribution of the data set and the distribution of the test sample with 
D-cutoffs can be seen in Figures 13 and 14, respectively. There were 148 individuals 
from the test data in this analysis, and 18 (12.2%) had a D significantly different than 0 
(Table 7). Sixteen of these had a larger right-side measurement, and all of them were 
right-handed. The two individuals with larger left-side measurements were both left-
handed. 
 
Table 7. Results for the MDDT+HEB analysis. 
 
MDDT+HEB 
 Asymmetric Symmetric Total 
Number 18 130 148 
Percent 12.2 87.8 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 2 0 2 
Right-side larger 1 15 16 
Total 3 15 18 
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Figure 13. Distribution of the total sample set with the normal distribution curve for the 
analysis of MDDT+HEB. 
 
Figure 14. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT+HEB. 
 
D-cutoff = 2.97 
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When MDDT, HML and HEB were analyzed together, 218 total individuals were 
included, 148 from the test set. The variance of D was 15.723 and the standard deviation 
was 3.9652. The range was 26.26 with a minimum value of -10.83 and a maximum value 
of 15.43. The mean value of D was -1.7642. The distribution of the data set and the 
distribution of the test sample with D-cutoffs can be seen in Figures 15 and 16, 
respectively. Thirteen (8.8%) individuals had a D significantly different from 0. Eleven 
individuals had larger right-side measurements, with 10 of them being right-handed and 1 
left-handed. The remaining 2 individuals with larger left-side measurements were both 
right-handed.  
The same individual (UT74-08D) that was considered an outlier in the HML test 
and MDDT+HML test, also appeared to be an outlier in this test, causing the maximum 
value of 15.43. The same analysis was done without that individual. This led to a 
variance of 14.421 and standard deviation of 3.7975. The range was narrowed to 19.64 
with the same minimum value of -10.83, but a maximum value of 8.81. Figure 15 
illustrates the change of the distribution and the normal curve with the outlier removed. 
Figure 17 shows the distribution of the test sample with the outlier removed and the 
change in the D-cutoff. Without the outlier, 13 (8.8%) individuals still had significant D-
values, but one of these being an additional individual and the loss of the outlier. The 
right-side measurement was larger on the same 11 individuals, 10 of these being right-
handed and 1 left-handed. The remaining 2 individuals had larger left-side measurements, 
1 was right-handed and 1 was left-handed. The results can be seen in Table 8. 
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Table 8. Results for the MDDT+HML+HEB analysis, including results when the outlier 
was removed.  
 
MDDT+HML+HEB Outlier Removed 
 Asymmetric Symmetric Total Asymmetric Symmetric Total 
Number 13 135 148 13 134 147 
Percent 8.8 91.2 100 8.8 91.2 100 
Asymmetrical Individuals  
 Left 
Handed 
Right 
Handed Total 
Left  
Handed 
Right 
Handed Total 
Left-side larger 0 2 2 1 1 2 
Right-side larger 1 10 11 1 10 11 
Total 1 13 13 2 11 13 
 
 
 
Figure 15. Distribution of the total sample set with the normal distribution curve for the 
analysis of MDDT+HML+HEB. Graph on the right displays distribution when outlier 
was removed. 
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Figure 16. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT+HML+HEB. 
 
Figure 17. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT+HML+HEB with the outlier removed. Note the change in D-cutoff from Figure 
18. 
 
D-cutoff = 6.55 
D-cutoff = 6.27 
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For the analysis of MDDT+HML+HEB+HMiD, the same 218 individuals from 
the previous analysis were included, 148 from the test set. The variance of D was 16.396 
and the standard deviation was 4.0492. The range was 25.81 with a minimum value of -
11.20 and a maximum value of 14.61. The mean value of D was -2.0274. The distribution 
of the data set and the distribution of the test sample with D-cutoffs can be seen in 
Figures 18 and 19, respectively. Fourteen (9.5%) individuals had a D significantly 
different from 0. Eleven individuals had larger right-side measurements, with 10 of them 
being right-handed and 1 left-handed. The remaining 3 individuals with larger left-side 
measurements were from 2 right-handed and 1 left-handed individuals (Table 9).  
The same individual (UT74-08D) that was considered an outlier in the other tests, 
appeared to be a minor outlier in this test, causing the maximum value of 14.61. The 
same analysis was done without that individual. This led to a variance of 15.185 and 
standard deviation of 3.8968. The range was narrowed to 19.82 with the same minimum 
value of -11.20, but a maximum value of 8.62. The mean value of D increased to a value 
of -2.1041. Figure 15 illustrates the change of the distribution and the normal curve with 
the outlier removed. The curve has widened slightly with the outlier removed, but 
appears relatively unchanged. Figure 17 shows the distribution of the test sample with the 
outlier removed and the change in the D-cutoff. Without the outlier the results were 
identical (Table 9). 
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Table 9. Results for the MDDT+HML+HEB+HMiD analysis, including when the outlier 
was removed.  
 
MDDT+HML+HEB+HMiD Outlier Removed 
 Asymmetric Symmetric Total Asymmetric Symmetric Total 
Number 14 134 148 13 134 147 
Percent 9.5 90.5 100 8.8 91.2 100 
Asymmetrical Individuals  
 Left 
Handed 
Right 
Handed Total 
Left  
Handed 
Right 
Handed Total 
Left-side larger 1 2 3 1 1 2 
Right-side larger 1 10 11 1 10 11 
Total 2 12 14 2 11 13 
 
 
 
Figure 18. Distribution of the total sample set with the normal distribution curve for the 
analysis of MDDT+HML+HEB+HMiD. Graph on the right displays distribution when 
outlier was removed. 
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Figure 19. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT+HML+HEB+HMiD. 
 
 
Figure 20. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT+HML+HEB+HMiD with the outlier removed. Note the change in D-cutoff from 
Figure 19. 
D-cutoff = 6.69 
D-cutoff = 6.44 
57 
 
For the analysis of MDDT and HMiD, 239 total individuals were included and 
151 were from the test data. The variance of D was 1.939 and the standard deviation was 
1.3924. The range was 10.19 with a minimum value of -4.23 and a maximum value of 
5.96. The mean value of D was -0.7787. The distribution of the data set with the normal 
curve and the distribution of the test sample with D-cutoffs can be seen in Figures 21 and 
22, respectively. Nineteen (12.6%) individuals had a D significantly different than 0. 
Eighteen of these had a larger right-side measurement, and all of them were right-handed. 
One individual had a larger left-side measurement, and this individual was left-handed. 
The results can be seen below in Table 10. 
 
Table 10. Results for the MDDT+HMiD analysis. 
 
MDDT+HMiD 
 Asymmetric Symmetric Total 
Number 19 132 151 
Percent 12.6 87.4 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 1 0 1 
Right-side larger 0 18 18 
Total 1 18 19 
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Figure 21. Distribution of the total sample set with the normal distribution curve for the 
analysis of MDDT+HMiD. 
 
 
Figure 22. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT+HMiD. 
 
D-cutoff = 2.30 
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HEB performed the worst of all the analyses, with 12.8% of the individuals in the 
test sample being asymmetric. This was followed by MDDT and MDDT+HMiD with 
both of these tests resulting in 12.6% asymmetric. MDDT+HEB performed slightly better 
with 12.2% asymmetric. Only three of the nineteen individuals were asymmetric for both 
MDDT and HEB. For all of these breadth measurement analyses, all the individuals that 
were considered asymmetric and had larger right-side measurements were all right-
handed. For the MDDT+HEB and MDDT+HMiD analyses, the right-side larger 
measurements were all from right handed individuals and the left-side larger 
measurements were all left handed individuals. In the HEB analysis, the asymmetric 
individuals with larger left-side measurements were evenly split left- and right-handed. 
 
Radius 
Analysis of the radius indicated that significant asymmetry was present. Thirty-
eight individuals had a significant difference in size between the left and right element for 
at least one analysis, with 23 of these individuals asymmetric for measurements of the 
radius only. Only nine of these individuals were asymmetric for both the radius and the 
humerus.  
The first analysis utilizing radial measurements was RML, with 197 total 
individuals, 142 of these from the test sample. The variance of D was 6.712 and the 
standard deviation was 2.5907. The range was 19.50 with a minimum value of -14.50 and 
a maximum value of 5.00. The mean value of D was -1.5635. The distribution of the data 
set with the normal curve and the distribution of the test sample with D-cutoffs can be 
seen in Figures 23 and 24, respectively. Fourteen (9.9%) individuals had a D significantly 
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different from 0. Thirteen individuals had larger right-side measurements, with 12 of 
them being right-handed and 1 left-handed. The remaining individual with larger left-side 
measurements was right-handed. One individual (UT62-06D) appeared to be an outlier in 
this analysis, causing the minimum value of  -14.50, so it was removed and the same 
analysis was done. The variance was now calculated as 5.883 and standard deviation of 
2.4256. The range was narrowed to 13.00 with the same maximum value of 5.00, but a 
minimum value of -8.00. The mean value of D was -1.4974.  Figure 23 illustrates the 
change of the normal curve with the distribution with the outlier removed. Figure 25 
shows the distribution of the test sample with the outlier removed and the change in the 
D-cutoff. Without the outlier, 16 (11.3%) individuals have significant D-values, with 12 
having larger right-side measurements, all but one being right-handed. Four individuals 
had larger left-side measurements, 3 of these became significant due to the removal of the 
outlier. Three of the four are right-handed. See Table 11 for the results of both tests. 
 
Table 11. Results for the RML analysis, including the analysis when the outlier was 
removed.  
 
RML Outlier Removed 
 Asymmetric Symmetric Total Asymmetric Symmetric Total 
Number 14 128 142 16 125 141 
Percent 9.9 90.1 100 11.3 91.2 100 
Asymmetrical Individuals  
 Left 
Handed 
Right 
Handed Total 
Left  
Handed 
Right 
Handed Total 
Left-side larger 0 1 1 1 3 4 
Right-side larger 1 12 13 1 11 12 
Total 1 13 14 2 14 16 
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Figure 23. Distribution of the total sample set with the normal distribution curve for the 
analysis of RML. Graph on the right displays distribution when outlier was removed. 
 
 
Figure 24. Distribution of the test sample with the D-cutoffs shown for the analysis of 
RML. 
D-cutoff = 4.28 
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Figure 25. Distribution of the test sample with the D-cutoffs shown for the analysis of 
RML with the outlier removed. Note the change in D-cutoff from Figure 24. 
 
 
When MDRT was analyzed, 222 total individuals were utilized, 145 of these were 
from the test sample. The variance of D was 0.501 and the standard deviation was 
0.7077.  The range of D was 3.86, with a minimum value of -2.06 and a maximum value 
of 1.80. The distribution of the data set with the normal curve and the distribution of the 
test sample with D-cutoffs can be seen in Figures 26 and 27, respectively. Twelve (8.3%) 
individuals had a D-value significantly different from zero (Table 12). Eight of these 
individuals had larger right-side measurements, and 7 of these were right-handed. Of the 
four individuals with larger left-side measurements, three were right-handed and one was 
left-handed. 
 
 
 
 
D-cutoff = 4.00 
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Table 12. Results for the MDRT analysis. 
 
MDRT 
 Asymmetric Symmetric Total 
Number 12 133 145 
Percent 8.3 91.7 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 1 4 5 
Right-side larger 1 6 7 
Total 2 10 12 
 
 
 
Figure 26. Distribution of the total sample set with the normal distribution curve for the 
analysis of MDRT. 
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Figure 27. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDRT. 
 
The analysis of RML and MDRT included 197 total individuals, 142 from the test 
sample. The variance of D was 7.786 and the standard deviation was 2.7904. The range 
was 20.87 with a minimum value of -15.23 and a maximum value of 5.64. The mean 
value of D was -1.6045. The distribution of the data set with the normal curve and the 
distribution of the test sample with D-cutoffs can be seen in Figures 28 and 29, 
respectively. Eighteen (12.7%) individuals had a D significantly different from 0. Sixteen 
individuals had larger right-side measurements, with 15 of them being right-handed and 1 
left-handed. The remaining 2 individuals with larger left-side measurements were both 
right-handed.  
The same individual (UT62-06D) that was an outlier in the previous analysis of 
RML was also considered an outlier in this analysis, causing the minimum value of  -
D-cutoff = 1.17 
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15.23, so it was removed and the same analysis was done. The variance was now 
calculated as 6.869 and standard deviation of 2.6209. The range was narrowed to 14.14 
with the same maximum value of 5.64, but a minimum value of -8.50. Figure 28 
illustrates the change of the normal curve with the distribution with the outlier removed. 
The curve widens slightly, but remains relatively the same. Figure 30 shows the 
distribution of the test sample with the outlier removed and the change in the D-cutoff. 
Without the outlier, 19 (13.5%) individuals have significant D-values, with 17 having 
larger right-side measurements, all but one being right-handed. Two individuals had 
larger left-side measurements, and both were right-handed. Table 13 illustrates the 
significant results for both of these tests. 
 
Table 13. Results for the RML+MDRT analysis, including the results when the outlier 
was removed.  
 
RML+MDRT Outlier Removed 
 Asymmetric Symmetric Total Asymmetric Symmetric Total 
Number 18 124 142 19 122 141 
Percent 12.7 87.3 100 13.5 86.5 100 
Asymmetrical Individuals  
 Left 
Handed 
Right 
Handed Total 
Left  
Handed 
Right 
Handed Total 
Left-side larger 0 2 2 0 2 2 
Right-side larger 1 15 16 1 16 17 
Total 1 17 18 1 18 19 
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Figure 28. Distribution of the total sample set with the normal distribution curve for the 
analysis of RML+MDRT. Graph on the right displays distribution when outlier was 
removed. 
 
 
Figure 29. Distribution of the test sample with the D-cutoffs shown for the analysis of 
RML+MDRT. 
D-cutoff = 4.61 
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Figure 30. Distribution of the test sample with the D-cutoffs shown for the analysis of 
RML+MDRT with the outlier removed. Note the change in D-cutoff from Figure 29. 
 
The analysis of MDRT, RMiD, and RMaD included 221 total individuals, 144 of 
these were from the test sample. The variance of D was 1.603 and the standard deviation 
was 1.2660.  The range of D was 7.80, with a minimum value of -4.00 and a maximum 
value of 3.80. The distribution of the data set with the normal curve and the distribution 
of the test sample with D-cutoffs can be seen in Figures 31 and 32, respectively. 
Seventeen (11.8%) individuals had a D-value significantly different from zero (Table 14). 
Twelve of these individuals had larger right-side measurements, and all of these were 
right-handed. Of the five individuals with larger left-side measurements, two were right-
handed and three were left-handed. 
 
 
 
D-cutoff = 4.33 
68 
 
 
Table 14. Significant results for the MDRT+RMiD+RMaD analysis. 
 
MDRT+RMiD+RMaD 
 Asymmetric Symmetric Total 
Number 17 127 144 
Percent 11.8 88.2 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 2 3 5 
Right-side larger 0 12 12 
Total 2 15 17 
 
 
 
  
Figure 31. Distribution of the total sample set with the normal distribution curve for the 
analysis of MDRT+RMiD+RMaD. 
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Figure 32. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDRT+RMiD+RMaD. 
 
MDRT performed the best for the radius with 8.3% of the individuals being 
asymmetric. A total of 9.9% were asymmetric in the RML analysis, and 11.8% were 
asymmetric in the MDRT+RMiD+RMaD. This was a slightly different result than the 
humerus since a breadth measurement was asymmetric more often rather than the length 
measurement, as seen with the radius.  
The RML and MDRT analyses did not result in as many asymmetric individuals, 
but, interestingly, when these two were combined, the results had the second greatest 
amount of asymmetric individuals in all the analyses (12.7%). This was the only instance 
that the combination of measurements resulted in a greater number of asymmetric 
individuals. 
 
 
D-cutoff = 2.09 
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Femur 
The femur was analyzed for asymmetry as a baseline for an element that generally 
does not exhibit a great amount of asymmetry. The maximum length of the femur was 
evaluated, and this test, as expected, had the least amount of asymmetric individuals. 
There were 152 total individuals in the data set, 119 from the test sample. The variance of 
D was 15.275 and the standard deviation was 3.9084. The range was 26.00 with a 
minimum value of -8.00 and a maximum value of 18.00. The mean value of D was 
1.0789. The femur was the only element that exhibited a positive mean. The distribution 
of the data set with the normal curve and the distribution of the test sample with D-
cutoffs can be seen in Figures 33 and 34, respectively. Eight (6.7%) individuals had a D 
significantly different from 0. Only 2 of these had larger right-side measurements, and 
one of these was right-handed and one was left-handed. The six remaining that were 
larger on the left side were all right-handed.  
One individual (UT95-06D) appeared to be an outlier, so the same analysis was 
done without that individual. This led to a variance of 13.456 and standard deviation of 
3.6682. The range was narrowed to 19.00 with the same minimum value of -8.00, but a 
maximum value of 11.00. The mean value of D was 0.9669. Figure 33 illustrates the 
change of the normal curve with the distribution with the outlier removed. The curve 
remains relatively the same. Figure 35 shows the distribution of the test sample with the 
outlier removed and the change in the D-cutoff. Without the outlier, the results were the 
same, so 7 (5.9%) had a D significantly different from 0. See Table 15 below for the 
results of these tests. 
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Table 15. Results for the FML analysis, including the results when the outlier was 
removed.  
 
FML Outlier Removed 
 Asymmetric Symmetric Total Asymmetric Symmetric Total 
Number 8 111 119 7 111 118 
Percent 6.7 93.3 100 5.9 94.1 100 
Asymmetrical Individuals  
 Left 
Handed 
Right 
Handed Total 
Left  
Handed 
Right 
Handed Total 
Left-side larger 0 6 6 0 5 5 
Right-side larger 1 1 2 1 1 2 
Total 1 7 8 1 6 7 
 
 
 
 
Figure 33. Distribution of the total sample set with the normal distribution curve for the 
analysis of FML. Graph on the right displays distribution when outlier was removed. 
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Figure 34. Distribution of the test sample with the D-cutoffs shown for the analysis of 
FML. 
 
Figure 35. Distribution of the test sample with the D-cutoffs shown for the analysis of 
FML with the outlier removed. Note the change in D-cutoff from Figure 34. 
 
 
D-cutoff = 6.47 
D-cutoff = 6.07 
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Males and Females 
 
When analyzing males and females, there were some different results. Each sex 
was analyzed alone and then compared with the males and females that were significant 
in the tests discussed above. Two measurements were chosen for this analysis for a brief 
test into the potential differences between the sexes. MDDT was analyzed first for 
females. There were 60 females in the data set, only 13 from the Byrd & Adams sample 
and 47 from the test sample. The variance of D was 0.382 and the standard deviation was 
0.6180. The range of the data was 2.67, with a minimum of -1.49 and a maximum of 
1.18. The mean of D was -0.4098. The D-cutoff for the analysis of females only has 
decreased to 1.00 (Figure 36) from 1.65 in the analysis of males and females together 
(Figure 3) and 1.81 for males only (Figure 37). Seven (14.9%) individuals had significant 
D-values. Six had larger right-side measurements, and all of these were right-handed. The 
one individual with a larger left measurement was left-handed (Table 16). In the analysis 
of MDDT with males and females together, no females had significant D-values.  
 
Table 16. Results for the MDDT analysis with females only. 
 
MDDT - Females 
 Asymmetric Symmetric Total 
Number 7 40 47 
Percent 14.9 85.1 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 1 0 1 
Right-side larger 0 6 6 
Total 1 6 7 
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Figure 36. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT – Females only. 
 
When analyzing MDDT for males only, there were 173 total individuals, 69 from 
the Byrd & Adams sample and 104 from the test sample. The variance of D was 1.198 
and the standard deviation was 1.0945. The range of the data was 7.68, with a minimum 
of -2.82 and a maximum of 4.86. The mean of D was -0.6376. The D-cutoff has increased 
to 1.81 (Figure 37) from 1.00 as seen with the female-only analysis (Figure 36). Twelve 
(11.5%) individuals had significant D-values for this test of males only.  All 12 
individuals had larger right-side measurements, and all but one of these individuals was 
right-handed (Table 17). All of these individuals were also significant in the analysis of 
MDDT with males and females together but an additional seven males were significant in 
that analysis (Table 3).  
 
 
D-cutoff = 1.00 
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Table 17. Results for the MDDT analysis with males only. 
 
MDDT - Males 
 Asymmetric Symmetric Total 
Number 12 92 104 
Percent 11.5 88.5 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 0 0 0 
Right-side larger 1 11 12 
Total 1 11 12 
 
 
 
 
Figure 37. Distribution of the test sample with the D-cutoffs shown for the analysis of 
MDDT – Males only. 
 
For the analysis of HML for females only, there were 57 total individuals, 10 
from the Byrd & Adams sample and 47 from the test sample. The variance of D was 
8.129 and the standard deviation was 2.8512. The range of the data was 11.50, with a 
minimum of   -6.50 and a maximum of 5.00. The mean of D was -1.1754.  The D-cutoff 
has decreased to 4.76 (Figure 38) from 6.05 and 5.69 in the analysis of HML with males 
D-cutoff = 1.81 
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and females together, with and without the outlier, respectively (Figures 6 and 7). Only 4 
(8.5%) individuals had significant D-values.  Of these, 3 had larger right-side 
measurements and all were right-handed. The one individual with larger left-side 
measurement was also right-handed (Table 18). Only one individual (UT55-07D) was 
significant in the HML analysis with both males and females (Table 4). 
 
Table 18. Results for the HML analysis with females only. 
 
HML - Females 
 Asymmetric Symmetric Total 
Number 4 43 47 
Percent 8.5 91.5 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 0 1 1 
Right-side larger 0 3 3 
Total 0 4 4 
 
 
Figure 38. Distribution of the test sample with the D-cutoffs shown for the analysis of 
HML – Females only. 
 
D-cutoff = 4.76 
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When analyzing HML for males only, there were 160 total individuals, 56 from 
the Byrd & Adams sample and 104 from the test sample. The variance of D was 14.731 
and the standard deviation was 3.8381. The range of the data was 28.00, with a minimum 
of-10.00 and a maximum of 18.00. The mean of D was -0.7094. The D-cutoff increased 
to 6.35 (Figure 39). Ten (9.6%) individuals had significant D-values.  Six individuals had 
larger right-side measurements, and all but one individual was right-handed. Four 
individuals had significantly a larger left-side measurement, but all of these were right-
handed (Table 19). These same individuals were also significant in the analysis of HML 
with males and females together with no additional males in that analysis (Table 4). A 
summary table for values obtained in each of the analyses can be seen in Table 20. 
 
Table 19. Results for the HML analysis with males only. 
 
HML - Males 
 Asymmetric Symmetric Total 
Number 10 94 104 
Percent 9.6 90.4 100 
Asymmetrical Individuals 
 Left Handed Right Handed Total 
Left-side larger 0 4 4 
Right-side larger 1 5 6 
Total 1 9 10 
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Figure 39. Distribution of the test sample with the D-cutoffs shown for the analysis of 
HML – Males only. 
 
  
D-cutoff = 6.35 
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Table 20. Summary table of all analyses. *Indicates an analysis with outlier removed. 
 
 
D 
Significant 
Asymmetry 
Analysis Total Tested Variance StDev. Range Min Max Mean N % 
MDDT 239 151 0.983 0.9914 7.68 -2.82 4.86 -0.5757 19 12.6 
HML 223 151 13.420 3.6633 28.50 -10.50 18.00 -0.9529 11 7.3 
HML* 222 150 11.848 3.4421 19.50 -10.50 9.00 -1.0383 14 9.3 
MDDT+HML 223 151 14.080 3.7524 26.87 -10.20 16.67 -1.5337 13 8.6 
MDDT+HML* 222 150 12.638 3.5550 19.47 -10.20 9.27 -1.6157 13 8.7 
HEB 224 148 1.489 1.2204 6.66 -3.50 3.16 -0.3000 19 12.8 
MDDT+HEB 224 148 3.221 1.7948 13.41 -5.55 7.86 -0.8774 18 12.2 
MDDT+HML+HEB 218 148 15.723 3.9652 26.26 -10.83 15.43 -1.7642 13 8.8 
MDDT+HML+HEB* 217 147 14.421 3.7975 19.64 -10.83 8.81 -1.8435 13 8.8 
MDDT+HML+HEB+HMiD 218 148 16.396 4.0492 25.81 -11.20 14.61 -2.0274 14 9.5 
MDDT+HML+HEB+HMiD* 217 147 15.185 3.8968 19.82 -11.20 8.62 -2.1041 13 8.8 
MDDT+HMiD 239 151 1.939 1.3924 10.19 -4.23 5.96 -0.7787 19 12.6 
RML 197 142 6.712 2.5907 19.50 -14.50 5.00 -1.5635 14 9.9 
RML* 196 141 5.883 2.4256 13.00 5.00 -8.00 -1.4974 16 11.3 
MDRT 222 145 0.501 0.7077 3.86 -2.06 1.80 -.0336 12 8.3 
RML+MDRT 197 142 7.786 2.7904 20.87 -15.23 5.64 -1.6045 18 12.7 
RML+MDRT* 196 141 6.869 2.6209 14.14 -8.50 5.64 -1.5349 19 13.5 
MDRT+RMiD+RMaD 221 144 1.603 1.2660 7.80 -4.00 3.80 -0.3078 17 11.8 
FML 152 119 15.275 3.9084 26.00 -8.00 18.00 1.0789 8 6.7 
FML* 151 118 13.456 3.6682 19.00 -8.00 11.00 0.9669 7 5.9 
MDDT – Females Only 60 47 0.382 0.6180 2.67 -1.49 1.18 -0.4098 7 14.9 
MDDT – Males Only 173 104 1.198 1.0945 7.68 -2.82 4.86 -0.6376 12 11.5 
HML – Females Only 57 47 8.129 2.8512 11.50 -6.50 5.00 -1.1754 4 8.5 
HML – Males Only 160 104 14.731 3.8381 28.00 -10.00 18.00 -0.7094 10 9.6 
  
 
80 
 
Chapter V 
 
DISCUSSION 
 
 
The results for this study were closer to what was expected than the preliminary 
study (Minetz et. al 2012); the breadth measurements displayed a greater frequency of 
asymmetry than the length measurements. Other studies have indicated that breadth 
measurements tend to have greater asymmetry than length measurements because breadth 
measurements are more dependent on muscularity and changes throughout life (Auerbach 
and Ruff 2006; Cuk et. al 2001; Vettivel et. al 1992). Length measurements are more 
dependent on growth, so one would assume that when an individual reaches maturity, the 
length of long bones and other supporting elements would no longer change. The results 
of this study support this. 
 
Outliers 
The three individuals determined to be outliers in the analyses presented in this 
study illustrated how the osteometric sorting method could be affected. These individuals 
were considered outliers due to their length measurements. They did not appear to affect 
the breadth measurement tests. This suggests that breadth measurements may not be as 
affected by outliers as length measurements are. One individual (UT74-08D) became less 
of an outlier as measurements were combined since the humerus was longer on the left 
but the breadth measurements were longer on the right. This suggests that using breadth 
and length measurements together when using the osteometric sorting method can 
decrease the likelihood of outliers.  
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Humerus 
The results from the humerus provided clues to the frequency of asymmetry, and, 
therefore, the measurements that adversely affect the osteometric sorting method due to 
this asymmetry. Čuk and colleauges (2001) found the greatest amount of asymmetry in 
the humerus in their study of asymmetry of the long bones, and this asymmetry was most 
prominent in breadth measurements. Auerbach and Ruff (2006) found that diaphyseal 
breadths of the humerus were more asymmetric than humeral lengths. Due to these 
previous studies indicating greater asymmetry in breadth measurements, Byrd (2008) 
suggests analyses utilizing solely breadth measurements should only be conducted when 
length measurements are unavailable. The results of this study support this. 
The analysis of maximum length of the humerus (HML) was the most successful 
upper limb test with only 7.3% asymmetric individuals. This was the opposite of the 
preliminary study but was closer to what was expected. HML appears to be a more 
accurate test to achieve correct sorting of individuals, but this measurement is not always 
available when dealing with commingled remains. When available this measurement 
should be used, preferably in conjunction with the maximum diameter of the diaphysis at 
the deltoid tuberosity (MDDT). This test was not as successful (8.6%) but was more 
successful than MDDT alone. MDDT is an important measurement for capturing the 
overall shape of the bone. HML did not appear to be related to handedness because one 
right-side larger individual was left-handed and all the left-side larger individuals were 
right-handed. When combined with MDDT, the results were similar. One explanation for 
right-handed individuals having shorter right humeri could be due to bowing of the bone. 
It is possible that rather than seeing an increase in diameter at the deltoid tuberosity, the 
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humerus may actually bow due to the mechanical loading of the deltoid muscle. If one 
side is more robust than the other, it would cause a longer element on the weaker side 
(Dr. John Byrd, personal communications). This could be explored utilizing geometric 
morphometrics to capture the overall shape of the humerus.  
Only three of the individuals were asymmetric for both MDDT and HML. Eight 
individuals that were considered asymmetric for one test or the other had larger right-side 
measurements for MDDT but larger left-side measurements for HML. This is likely the 
reason that fewer individuals were asymmetric for MDDT+HML than MDDT alone. This 
supports that asymmetry due to muscle robusticity may not be related to asymmetry in 
bone length. This also shows the importance of taking into account the overall shape of 
the bone because asymmetry in one direction on a breadth measurement does not mean 
that the element will be asymmetric in the same direction for a length measurement. 
This study also investigates the relationship between asymmetry of the humerus 
and hand preference. Numerous studies have found that the right-side upper limb 
elements are more robust than the left and that this could be due to hand preference 
(Latimer and Lowrance 1965; Vettivel et al. 1992; Mays et al. 1999; Čuk et al. 2001). 
The present study found that the right-side appeared to be larger more often. Some 
breadth measurements appeared to possibly be related to hand preference. For the 
MDDT+HEB and MDDT+HMiD analyses, the right-side larger measurements were all 
from right handed individuals and the left-side larger measurements were all from left 
handed individuals. However, in the HEB analysis, the asymmetric individuals with 
larger left-side measurements were evenly split left- and right-handed. This measurement 
may not be tied as strongly to handedness where MDDT seems to be more consistent. 
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The maximum diameter of the diaphysis at the deltoid tuberosity and the minimum 
diameter of the shaft of the humerus appeared to be the measurements most closely 
related to handedness. 
 
Radius 
 Auerbach and Raxter (2008) found a correlation between asymmetry of the 
clavicle and asymmetry of the humerus. Diaphyseal breadths of the two elements were 
consistently asymmetrical on the same side. However, the maximum length of the 
clavicle was asymmetrical on the opposite side from asymmetry seen in the maximum 
length and diaphyseal breadth of the humerus, thus exhibiting a crossed symmetry 
pattern. The radius was investigated in the present study to determine whether a 
correlation exists between asymmetry of the humerus and asymmetry of the radius 
similar to the correlation seen in the study conducted by Auerbach and Raxter (2008).  
Significant asymmetry was found with the radius. The RML and MDRT did not 
result in as many asymmetric individuals as some of the analyses of the humerus, but, 
interestingly, when these two were combined, the results had the second greatest amount 
of asymmetric individuals in all the analyses (12.7%). This was the only instance that the 
combination of measurements resulted in a greater number of asymmetric individuals. 
This suggests that mechanical forces may act differently on the upper limb than the lower 
limb. 
Individuals with significant asymmetry for the radius were much different than 
the humerus. Only nine of forty-nine individuals that had asymmetric humeri were also 
asymmetric at the level of the radius. None of the individuals that had asymmetry of 
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radial diaphyseal breadths were asymmetric for the maximum diameter of the deltoid 
tuberosity of the humerus. This is important in showing that the muscular differences 
between the left and right elements for the humerus are not consistent with muscular 
differences between left and right elements in the radius. Ten of the fourteen individuals 
that were asymmetric for RML were not significant for the humerus. These results 
suggest that there is not a correlation between asymmetry of the humerus and asymmetry 
of the radius. 
 
Femur 
The femur performed as was expected with the lowest number of asymmetric 
individuals, thus having the best performance with the osteometric sorting method. 
Interesting results to note with the evaluation of the maximum length of the femur were 
the D-values associated with these individuals that were quite small in relation to the 
length of the femur, ranging from -8.00 to 18.00. This was actually a smaller range than 
the range for the maximum length of the humerus. The maximum length of the humerus 
is generally about two-thirds the size of the maximum length of the femur. This method 
does not take into account the magnitude of the measurements because it is only 
comparing the differences between the elements, but this should be noted. The D-cutoff 
for the maximum length of the femur was only 0.50 mm larger than the D-cutoff for the 
humerus. If the difference in size was accounted for, only two individuals (1.7%) would 
be considered asymmetrical, and one of these was considered an outlier. This reinforces 
the idea that there is less variation in lengths in the lower limb than the upper limb. 
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 The analysis of the femur also appeared to support the crossed symmetry 
hypothesis proposed in previous studies (Palmer and Strobeck 1986; Čuk et al. 2001; 
Aeurbach and Ruff 2006; Kanchan et al. 2008). The femur was the only element that 
produced a positive mean which indicates a slightly left-side dominant sample; however, 
these individuals were all right-handed.  
 
Males and Females 
 Differences in asymmetry for males and females were also investigated in this 
study. Hiramoto (1993) found a greater mean difference in females than males between 
left and right elements of the upper limb. This was not true in the present study. Males 
had a greater average mean difference in breadth and length measurements of the 
humerus. This difference from the study done by Hiramoto (1993) may be due to the fact 
that the sample for the present study is from a modern population. 
Auerbach and Ruff (2006) investigated directional asymmetry and the possible 
differences between males and females. In their study they found significant directional 
asymmetry of the humeral head and diaphyseal breadths for males, and significant 
asymmetry in maximum length of the humerus for females. The present study found 
significant asymmetry for females on a diaphyseal breadth, but only when males were 
removed from the sample set. When males and females were together, the females were 
not significantly different. A small number of females were significantly different for the 
maximum length of the humerus, but these results did not appear to be significant overall. 
It is possible that this difference from the study done by Auerbach and Ruff (2006) could 
be due to the more modern sample used in the present study. 
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These results show that there is a general difference in muscle robusticity between 
males and females. The osteometric sorting method uses the variation in the data set to 
determine whether the difference in the test individual is significant or not. When females 
are lumped in with the males, they are not significant, but when alone they are. 
Therefore, when the sample is just females, a significant difference is seen in individuals 
that would not be with males included. This could be due to males having more laborious 
occupations or duties. However, an alternative explanation for this difference could be 
due to the samples sizes. The female sample size is about half the size of the male sample 
size. As seen from the preliminary study, the sample size can cause differences in the D-
cutoff. 
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Chapter VI 
 
CONCLUSION 
 
Asymmetry is present in the upper limbs, more often in breadth measurements than 
length measurements. My null hypothesis that there is no significant difference in size 
between left and right elements and therefore no significant asymmetry, can be rejected. 
The results of this study also support the idea that this asymmetry could be due to 
handedness. The null hypothesis that the correlation between asymmetry of the humerus 
and asymmetry of the radius is zero cannot be rejected.  
Using length and breadth measurements together leads to fewer asymmetric 
individuals, so this is preferable. However, commingled human remains are often 
fragmented so this is not always possible. When elements are fragmented, using two 
measurements is best. Since often only MDDT and HMiD can be taken on a fragmented 
humerus, one should be aware that this is not as strong of a test and other methods of 
sorting should be used in conjunction with osteometric sorting to help with the 
elimination of elements. 
There does not appear to be a correlation between asymmetry of the humerus and 
asymmetry of the radius. Because an individual is asymmetric for the humerus does not 
mean it will be asymmetric for the radius. This is important to note for the purposes of 
osteometric sorting. This does not mean that both elements will not be asymmetric, but 
asymmetry cannot be inferred. 
Outliers should most likely remain in the reference sample because all the tests but 
one performed better when the outlier was present. This could be that these individuals 
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are not true outliers or this is giving a more accurate representation of the variation seen 
in a sample. This is important for accurate osteometric sorting because the chance of 
incorrect sorting is reduced when the outliers are present. 
 
Future Research 
More research is needed to determine whether asymmetry could be due to 
handedness. Asymmetry was the focus of this study, and the osteometric sorting method 
was utilized to determine the frequency of asymmetry because this also shows the 
frequency at which the method would yield incorrect results. A different approach may 
be more useful to fully investigate handedness. To investigate which measurements could 
be most related to handedness, discriminant function analysis may be a preferable 
method.  
Even though the data followed the general population frequencies for number of left-
handed people, it contained only a few left-handed individuals. To get a clearer picture of 
whether asymmetry is related to handedness, a sample with an even number of left and 
right handed individuals would be preferable.  
Also, more research should be done to investigate crossed symmetry. Since the femur 
was the only element that exhibited a positive mean (left-side measurement was larger), 
this could indicate that the left side is more often larger than the right in lower limbs. 
More measurements from the lower limb, including both breadth and length 
measurements, should be studied further. 
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APPENDIX A 
 
 
Significant Results for Each Analysis 
 
 
Table A1. Significant results for the MDDT analysis. 
 
MDDT 
Individual Handedness D t-value p-value 
UT14-92D R -1.76 1.7796 0.0764 
UT01-00D L -1.87 1.8920 0.0597 
UT11-00D R -1.75 1.7694 0.0781 
UT28-03D R -1.81 1.8307 0.0684 
UT08-04D R -2.03 2.0558 0.0409 
UT44-04D R -1.82 1.8409 0.0669 
UT50-04D R -2.25 2.2820 0.0234 
UT73-04D R -1.78 1.8000 0.0731 
UT28-05D R -2.51 2.5509 0.0114 
UT58-05D R -2.26 2.2923 0.0228 
UT78-05D R -1.65 1.6675 0.0967 
UT82-05D R -2.12 2.1482 0.0327 
UT63-06D R -1.67 1.6879 0.0928 
UT93-06D R -1.67 1.6879 0.0928 
UT95-06D R -2.45 2.4887 0.0135 
UT05-08D R -2.08 2.1071 0.0362 
UT15-08D R -1.73 1.7490 0.0816 
UT49-08D R -1.87 1.8920 0.0597 
UT92-09D R -2.82 2.8741 0.0044 
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Table A2. Significant results for the HML analysis, including the analysis when the 
outlier was removed. *indicates an insignificant result, - indicates not included in the 
analysis. 
 
HML Outlier Removed 
Individual Handedness D t-value p-value t-value p-value 
UT17-01D R -6.00 * * 1.7474 0.0820 
UT22-01D R 9.00 2.4932 0.0134 2.6607 0.0084 
UT14-03D R 6.50 1.7872 0.0753 1.9050 0.0581 
UT73-04D R -7.00 1.9184 0.0564 2.0430 0.0422 
UT66-05D R -8.00 2.1973 0.0290 2.3408 0.0201 
UT82-05D R -6.50 1.7796 0.0765 1.8950 0.0594 
UT45-06D R 6.00 * * 1.7559 0.0805 
UT106-06D R -6.00 * * 1.7474 0.0820 
UT21-07D R -8.50 2.3376 0.0203 2.4906 0.0135 
UT55-07D R -6.50 1.7796 0.0765 1.8950 0.0594 
UT58-07D L -9.00 2.4784 0.0139 2.6411 0.0089 
UT63-07D R -7.00 1.9184 0.0564 2.0430 0.0422 
UT05-08D R 6.50 1.7872 0.0753 1.9050 0.0581 
UT40-08D R -6.00 * * 1.7474 0.0820 
UT74-08D R 18.00 5.2294 0.0000 - - 
 
Table A3. Significant results for the MDDT+HML analysis, including the analysis when 
the outlier was removed. *indicates an insignificant result, - indicates not included in the 
analysis. 
 
MDDT+HML Outlier Removed 
Individual Handedness D t-value p-value t-value p-value 
UT17-01D R -6.16 * * 1.7353 0.0841 
UT22-01D R 9.27 2.5124 0.0127 2.6590 0.0084 
UT73-04D R -8.78 2.3545 0.0194 2.4872 0.0136 
UT28-05D R -8.01 2.1443 0.0331 2.2648 0.0245 
UT66-05D R -9.59 2.5770 0.0106 2.7228 0.0070 
UT82-05D R -8.62 2.3107 0.0218 2.4409 0.0154 
UT106-06D R -6.59 1.7595 0.0799 1.8578 0.0645 
UT107-06D R -6.46 1.7244 0.0860 1.8207 0.0700 
UT21-07D R -8.86 2.3764 0.0183 2.5104 0.0128 
UT55-07D R -6.87 1.8351 0.0678 1.9378 0.0539 
UT58-07D L -9.07 2.4340 0.0157 2.5714 0.0108 
UT63-07D R -7.93 2.1226 0.0349 2.2417 0.0260 
UT40-08D R -6.87 1.8352 0.0678 1.9378 0.0539 
UT74-08D R 16.67 4.6892 0.0000 - - 
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Table A4. Significant results for the HEB analysis. 
 
HEB 
Individual Handedness D t-value p-value 
UT04-93D R -2.50 2.0591 0.0407 
UT24-99D R -3.50 2.9069 0.0040 
UT44-03D R 2.51 2.0771 0.0389 
UT57-03D R -2.35 1.9336 0.0544 
UT38-04D R -2.27 1.8669 0.0632 
UT50-04D R -2.55 2.1010 0.0368 
UT05-05D R 2.74 2.2721 0.0240 
UT06-05D R -2.74 2.2606 0.0248 
UT42-05D R -2.78 2.2943 0.0227 
UT64-05D R 2.19 1.8075 0.0720 
UT49-06D R -2.02 1.6589 0.0985 
UT63-06D R -2.14 1.7586 0.0800 
UT65-06D R -2.29 1.8836 0.0609 
UT89-07D L 2.60 2.1532 0.0324 
UT115-07D R -2.06 1.6921 0.0920 
UT81-08D L 2.55 2.1109 0.0359 
UT85-08D L 3.16 2.6316 0.0091 
UT107-08 R -2.89 2.3871 0.0178 
UT92-09D R -2.73 2.2522 0.0253 
 
Table A5. Significant results for the MDDT+HEB analysis. 
 
MDDT+HEB 
Individual Handedness D t-value p-value 
UT04-93D R -3.52 1.9665 0.0505 
UT24-99D R -4.51 2.5307 0.0121 
UT57-03D R -3.17 1.7688 0.0783 
UT38-04D R -3.42 1.9099 0.0574 
UT44-04D R -3.05 1.7012 0.0903 
UT50-04D R -4.80 2.6976 0.0075 
UT06-05D R -3.04 1.6955 0.0914 
UT42-05D R -3.65 2.040 0.0425 
UT58-05D R -3.05 1.7012 0.0903 
UT63-06D R -3.81 2.1309 0.0342 
UT65-06D R -3.29 1.8365 0.0676 
UT95-06D R -3.25 1.8139 0.0710 
UT89-07D L 3.90 2.2035 0.0286 
UT15-08D L -3.11 1.7350 0.0841 
UT49-08D R -3.19 1.7800 0.0764 
UT85-08D L 4.15 2.3489 0.0197 
UT107-08D R -3.23 1.8026 0.0728 
UT92-09D R -5.55 3.1336 0.0020 
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Table A6. Significant results for the MDDT+HML+HEB analysis, including results 
when the outlier was removed. *indicates an insignificant result, - indicates not included. 
 
MDDT+HML+HEB Outlier Removed 
Individual Handedness D t-value p-value t-value p-value 
UT22-01D R 8.81 2.2657 0.0245 2.3725 0.0186 
UT50-04D R -8.30 2.1114 0.0359 2.2075 0.0283 
UT73-04D R -8.80 2.2409 0.0261 2.3431 0.0200 
UT28-05D R -8.08 2.0546 0.0411 2.1481 0.0328 
UT66-05D R -10.83 2.7714 0.0061 2.8991 0.0041 
UT82-05D R -8.01 2.0365 0.0429 2.1291 0.0344 
UT63-06D R -6.81 1.7280 0.0854 1.8062 0.0723 
UT21-07D R -9.42 2.4020 0.0171 2.5119 0.0127 
UT58-07D L -9.37 2.3890 0.0178 2.4983 0.0132 
UT63-07D R -8.29 2.1088 0.0361 2.2048 0.0285 
UT89-07D L 6.40 * * 1.7102 0.0887 
UT40-08D R -7.20 1.8280 0.0689 1.9109 0.0573 
UT74-08D R 15.43 4.0860 0.0001 - - 
UT92-09D R -7.55 1.9180 0.0564 2.0051 0.0462 
 
Table A7. Significant results for the MDDT+HML+HEB+HMiD analysis, including 
when the outlier was removed. *indicates an insignificant result, - indicates not included. 
 
MDDT+HML+HEB+HMiD Outlier Removed 
Individual Handedness   D t-value p-value t-value p-value 
UT22-01D R 8.62 2.1587 0.0320 2.2469 0.0257 
UT50-04D R -9.34 2.3189 0.0213 2.4107 0.0168 
UT73-04D R -9.34 2.3189 0.0213 2.4107 0.0168 
UT28-05D R -8.35 2.0691 0.0397 2.1507 0.0326 
UT66-05D R -10.11 2.5143 0.0127 2.6142 0.0096 
UT82-05D R -8.67 2.1496 0.0327 2.2346 0.0265 
UT63-06D R -7.47 1.8483 0.0659 1.9210 0.0561 
UT21-07D R -9.06 2.2480 0.0256 2.3370 0.0204 
UT58-07D L -9.19 2.2809 0.0235 2.3712 0.0186 
UT63-07D R -8.66 2.1471 0.0329 2.2319 0.0267 
UT89-07D L 7.80 1.9486 0.0526 2.0277 0.0438 
UT40-08D R -7.51 1.8583 0.0645 1.9314 0.0547 
UT74-08D R 14.61 3.7493 0.0002 - - 
UT92-09D R -8.96 2.2228 0.0273 2.3107 0.0218 
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Table A8. Significant results for the MDDT+HMiD analysis. 
 
MDDT+HMiD 
Individual Handedness D t-value p-value 
UT14-92D R -2.68 1.9283 0.0550 
UT08-04D R -2.87 2.0668 0.0398 
UT29-04D R -2.37 1.7032 0.0898 
UT44-04D R -3.07 2.2129 0.0279 
UT50-04D R -3.29 2.3743 0.0184 
UT73-04D R -2.32 1.6670 0.0968 
UT28-05D R -2.78 2.0011 0.0465 
UT58-05D R -3.86 2.7954 0.0056 
UT78-05D R -2.79 2.0084 0.0457 
UT82-05D R -2.78 2.0011 0.0465 
UT43-06D R -2.88 2.0740 0.0392 
UT63-06D R -2.33 1.6743 0.0954 
UT93-06D R -3.05 2.1983 0.0289 
UT95-06D R -2.91 2.0959 0.0371 
UT89-07D L 2.70 1.9611 0.0510 
UT05-08D R -2.97 2.1398 0.0334 
UT49-08D R -2.57 1.8484 0.0658 
UT117-08D R -3.15 2.2715 0.0240 
UT92-09D R -4.23 3.0717 0.0024 
 
Table A9. Significant results for the RML analysis, including the analysis when the 
outlier was removed. *indicates an insignificant result, - indicates not included.. 
 
RML Outlier Removed 
Individual Handedness   D t-value p-value t-value p-value 
UT02-89D R -4.50 1.7383 0.0837 1.8578 0.0647 
UT04-93D R 5.00 1.9576 0.0517 2.0952 0.0375 
UT12-01D L 4.00 * * 1.6671 0.0971 
UT12-02D R -6.50 2.5262 0.0123 2.7027 0.0075 
UT03-03D R -5.00 1.9338 0.0546 2.0672 0.0400 
UT13-03D R -4.50 1.7383 0.0837 1.8578 0.0647 
UT53-05D R 4.00 * * 1.6671 0.0971 
UT58-05D R -5.00 1.9338 0.0546 2.0672 0.0400 
UT90-05D R -6.00 2.3277 0.0210 2.4895 0.0136 
UT47-06D R -5.00 1.9338 0.0546 2.0672 0.0400 
UT62-06D R -14.50 5.9780 0.0000 - - 
UT95-06D R -5.00 1.9338 0.0546 2.0672 0.0400 
UT08-07D R  4.00 * * 1.6671 0.0971 
UT37-07D L -5.50 2.1302 0.0344 2.2777 0.0238 
UT109-07D R -6.00 2.3277 0.0210 2.4895 0.0136 
UT111-07D R -5.00 1.9338 0.0546 2.0672 0.0400 
UT92-09D R -5.00 2.0672 0.0400 2.0672 0.0400 
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Table A10. Significant results for the MDRT analysis. 
 
MDRT 
Individual Handedness   D t-value p-value 
UT17-03D R 1.46 2.0794 0.0387 
UT37-03D R -1.37 1.9472 0.0528 
UT57-03D R -2.06 2.9598 0.0034 
UT28-05D R -1.22 1.7310 0.0849 
UT44-05D R 1.65 2.3566 0.0193 
UT59-05D L -1.32 1.8750 0.0621 
UT08-06D R 1.80 2.5772 0.0106 
UT114-07D R -1.21 1.7166 0.0875 
UT115-07D R 1.26 1.7900 0.0748 
UT47-08D R -1.62 2.3104 0.0218 
UT81-08D L 1.33 1.8910 0.0599 
UT106-08D R -1.44 2.0485 0.0417 
 
Table A11. Significant results for the RML+MDRT analysis, including the results when 
the outlier was removed. *indicates an insignificant result, - indicates not included. 
 
RML+MDRT Outlier Removed 
Individual Handedness   D t-value p-value t-value p-value 
UT02-89D R -5.44 1.9541 0.0521 2.0822 0.0386 
UT04-93D R 4.90 1.7765 0.0772 1.8944 0.0597 
UT12-02D R -6.14 2.2098 0.0283 2.3555 0.0195 
UT25-02D R -4.50 * * 1.7182 0.0874 
UT03-03D R -4.39 * * 1.6758 0.0954 
UT13-03D R -5.00 1.7941 0.0743 1.9115 0.0574 
UT57-03D R -6.06 2.1805 0.0304 2.3242 0.0212 
UT61-04D R -4.64 1.6637 0.0978 1.7723 0.0779 
UT28-05D R -4.72 1.6926 0.0921 1.8032 0.0729 
UT53-05D R 4.63 1.6766 0.0952 1.7877 0.0754 
UT58-05D R -5.48 1.9686 0.0504 2.0978 0.0372 
UT90-05D R -6.28 2.2612 0.0249 2.4104 0.0169 
UT47-06D R -5.92 2.1293 0.0345 2.2694 0.0243 
UT62-06D R -15.23 5.8109 0.0000 - - 
UT95-06D R -5.44 1.9541 0.0521 2.0822 0.0386 
UT37-07D L -5.12 1.8377 0.0676 1.9580 0.0517 
UT109-07D R -5.50 1.9759 0.0496 2.1056 0.0365 
UT111-07D R -5.29 1.8995 0.0590 2.0239 0.0443 
UT106-08D R -5.44 1.9541 0.0521 2.0822 0.0386 
UT107-08D R -5.06 1.8159 0.0709 1.9347 0.0545 
 
 
 
 
 
98 
 
Table A12. Significant results for the MDRT+RMiD+RMaD analysis. 
 
MDRT+RMiD+RMaD 
Individual Handedness   D t-value p-value 
UT17-03D R 2.78 2.2212 0.0274 
UT28-03D R -2.34 1.8550 0.0649 
UT37-03D R -2.93 2.3320 0.0206 
UT44-03D R 2.08 1.6527 0.0998 
UT57-03D R -2.53 2.0080 0.0459 
UT50-04D R -2.09 1.6546 0.0994 
UT34-05D L 2.50 1.9927 0.0475 
UT42-05D R -2.14 1.6946 0.0916 
UT58-05D R -2.12 1.6786 0.0947 
UT81-05D R -2.98 2.3727 0.0185 
UT47-06D R -2.69 2.1372 0.0337 
UT49-06D R -2.57 2.0403 0.0425 
UT62-06D R -2.49 1.9757 0.0494 
UT63-06D R -2.60 2.0645 0.0401 
UT102-06D R 2.23 1.7737 0.0775 
UT81-08D L 2.97 2.3772 0.0183 
UT106-08D R -2.17 1.7186 0.0871 
 
Table A13. Significant results for the FML analysis, including the results when the 
outlier was removed. *indicates an insignificant result, - indicates not included in the 
analysis. 
 
FML Outlier Removed 
Individual Handedness   D t-value p-value t-value p-value 
UT17-01D R -7.5 1.9441 0.0538 2.0752 0.0397 
UT22-01D R 7.0 1.7989 0.0740 1.9194 0.0568 
UT46-03D R 8.0 2.0618 0.0410 2.2010 0.0293 
UT78-05D R 7.0 1.7989 0.0740 1.9194 0.0568 
UT95-06D R 18.0 4.9071 0.0000 - - 
UT89-07D L -8.0 2.0778 0.0394 2.2186 0.0280 
UT111-07D R 8.5 2.1941 0.0298 2.3429 0.0205 
UT104-08D R 11.0 2.8674 0.0047 3.0667 0.0026 
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Table A14. Significant results for the MDDT analysis with females only. 
 
MDDT - Females 
Individual Handedness D t-value p-value 
UT35-02D R -1.40 2.2976 0.0252 
UT37-02D L 1.01 1.6997 0.0946 
UT31-05D R -1.28 2.0897 0.0410 
UT62-06D R -1.09 1.7674 0.0824 
UT08-07D R -1.28 2.0897 0.0410 
UT41-07D R -1.23 2.0041 0.0497 
UT84-08D R -1.21 1.9701 0.0536 
 
Table A15. Significant results for the MDDT analysis with males only. 
 
MDDT - Males 
Individual Handedness D t-value p-value 
UT01-00D L -1.87 1.7099 0.0891 
UT28-03D R -1.81 1.6545 0.0999 
UT08-04D R -2.03 1.8581 0.0649 
UT44-04D R -1.82 1.6637 0.0980 
UT50-04D R -2.25 2.0629 0.0406 
UT28-05D R -2.51 2.3064 0.0223 
UT58-05D R -2.26 2.0722 0.0397 
UT82-05D R -2.12 1.9417 0.0538 
UT95-06D R -2.45 2.2500 0.0257 
UT05-08D R -2.08 1.9046 0.0585 
UT49-08D R -1.87 1.7099 0.0891 
UT92-09D R -2.82 2.5994 0.0102 
 
Table A16. Significant results for the HML analysis with females only. 
 
HML - Females 
Individual Handedness D t-value p-value 
UT107-06D R -5.5 1.9530 0.0559 
UT62-06D R 5.0 1.8171 0.0746 
UT55-07D R -6.5 2.3345 0.0232 
UT40-08D R -6.0 2.1420 0.0366 
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Table A17. Significant results for the HML analysis with males only. 
 
HML - Males 
Individual Handedness D t-value p-value 
UT22-01D R 9.0 2.3863 0.0182 
UT14-03D R 6.5 1.7074 0.0897 
UT73-04D R -7.0 1.8337 0.0686 
UT66-05D R -8.0 2.1019 0.0371 
UT82-05D R -6.5 1.7005 0.0910 
UT21-07D R -8.5 2.2370 0.0267 
UT58-07D L -9.0 2.3728 0.0189 
UT63-07D R -7.0 1.8337 0.0686 
UT05-08D R 6.5 1.7074 0.0897 
UT74-08D R 18.0 5.0720 0.0000 
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APPENDIX B 
 
Summary Table of Significant D-values 
 
Individual Hand MDDT HML HEB 
MDDT
+HML 
MDDT 
+HEB 
MDDT
+HMiD 
MDDT
+HML
+HEB 
MDDT
+HML 
+HEB 
+HMiD RML MDRT 
RML+
MDRT 
MDRT+
RMiD+
RMaD FML 
UT02-89D R * * * * * * * * -4.50 * -5.44 * * 
UT14-92D R -1.76 * * * * -2.68 * * * * * * * 
UT04-93D R * * -2.50 * -3.52 * * * 5.00 * 4.90 * * 
UT24-99D R * * -3.50 * -4.51 * * * * * * * * 
UT01-00D L -1.87 * * * * * * * * * * * * 
UT11-00D R -1.75 * * * * * * * * * * * * 
UT17-01D R * * * * * * * * * * * * -7.5 
UT22-01D R * 9.00 * 9.27 * * 8.81 8.62 * * * * 7.0 
UT12-02D R * * * * * * * * -6.50 * -6.14 * * 
UT03-03D R * * * * * * * * -5.00 * -5.00 * * 
UT13-03D R * * * * * * * * -4.50 * * * * 
UT14-03D R * 6.50 * * * * * * * * * * * 
UT17-03D R * * * * * * * * * 1.46 * 2.78 * 
UT28-03D R -1.81 * * * * * * * * * * -2.34 * 
UT37-03D R * * * * * * * * * -1.37 * -2.93 * 
UT44-03D R * * 2.51 * * * * * * * * 2.08 * 
UT46-03D R * * * * * * * * * * * * 8.0 
UT57-03D R * * -2.35 * -3.17 * * * * -2.06 -6.06 -2.53 * 
UT08-04D R -2.03 * * * * -2.87 * * * * * * * 
UT29-04D R * * * * * -2.37 * * * * * * * 
UT38-04D R * * -2.27 * -3.42 * * * * * * * * 
UT44-04D R -1.82 * * * -3.05 -3.07 * * * * * * * 
UT50-04D R -2.25 * -2.55 * -4.80 -3.29 -8.30 -9.34 * * * -2.09 * 
UT61-04D R * * * * * * * * * * -4.64 * * 
UT73-04D R -1.78 -7.00 * -8.78 * -2.32 -8.80 -9.34 * * * * * 
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Individual Hand MDDT HML HEB 
MDDT
+HML 
MDDT 
+HEB 
MDDT
+HMiD 
MDDT
+HML
+HEB 
MDDT
+HML 
+HEB 
+HMiD RML MDRT 
RML+
MDRT 
MDRT+
RMiD+
RMaD FML 
UT05-05D R * * 2.74 * * * * * * * * * * 
UT06-05D R * * -2.74 * -3.04 * * * * * * * * 
UT28-05D R -2.51 * * -8.01 * -2.78 -8.08 -8.35 * -1.22 -4.72 * * 
UT34-05D L * * * * * * * * * * * 2.50 * 
UT42-05D R * * -2.78 * * * * * * * * -2.14 * 
UT44-05D R * * * * * * * * * 1.65 * * * 
UT53-05D R * * * * * * * * * * 4.63 * * 
UT58-05D R -2.26 * * * -3.65 -3.86 * * -5.00 * -5.48 -2.12 * 
UT59-05D L * * * * * * * * * -1.32 * * * 
UT64-05D R * * 2.19 * -3.05 * * * * * * * * 
UT66-05D R * -8.00 * -9.59 * * -10.83 -10.11 * * * * * 
UT78-05D R -1.65 * * * * -2.79 * * * * * * 7.0 
UT81-05D R * * * * * * * * * * * -2.98 * 
UT82-05D R -2.12 -6.50 * -8.62 * -2.78 -8.01 -8.67 * * * * * 
UT90-05D R * * * * * * * * -6.00 * -6.28 * * 
UT08-06D R * * * * * * * * * 1.80 * * * 
UT43-06D R * * * * * -2.88 * * * * * * * 
UT47-06D R * * * * * * * * -5.00 * -5.92 -2.69 * 
UT49-06D R * * -2.02 * * * * * * * * -2.57 * 
UT62-06D R * * * * * * * * -14.50 * -15.23 -2.49 * 
UT63-06D R -1.67 * -2.14 * -3.81 -2.33 -6.81 -7.47 * * * -2.60 * 
UT65-06D R * * -2.29 * -3.29 * * * * * * * * 
UT93-06D R -1.67 * * * * -3.05 * * * * * * * 
UT95-06D R -2.45 * * * -3.25 -2.91 * * -5.00 * -5.44 * 18.0 
UT102-06D R * * * * * * * * * * * 2.23 * 
UT106-06D R * * * -6.59 * * * * * * * * * 
UT107-06D R * * * -6.46 * * * * * * * * * 
UT21-07D R * -8.50 * -8.86 * * -9.42 -9.06 * * * * * 
UT37-07D L * * * * * * * * -5.50 * -5.12 * * 
 
103 
 
Individual Hand MDDT HML HEB 
MDDT
+HML 
MDDT 
+HEB 
MDDT
+HMiD 
MDDT
+HML
+HEB 
MDDT
+HML 
+HEB 
+HMiD RML MDRT 
RML+
MDRT 
MDRT+
RMiD+
RMaD FML 
UT55-07D R * -6.50 * -6.87 * * * * * * * * * 
UT58-07D L * -9.00 * -9.07 * * -9.37 -9.19 * * * * * 
UT63-07D R * -7.00 * -7.93 * * -8.29 -8.66 * * * * * 
UT89-07D L * * 2.60 * 3.90 2.70 * 7.80 * * * * -8.0 
UT109-07D R * * * * * * * * -6.00 * -5.50 * * 
UT111-07D R * * * * * * * * -5.00 * -5.29 * 8.5 
UT114-07D R * * * * * * * * * -1.21 * * * 
UT115-07D R * * -2.06 * * * * * * 1.26 * * * 
UT05-08D R -2.08 6.50 * * * -2.97 * * * * * * * 
UT15-08D R -1.73 * * * -3.11 * * * * * * * * 
UT40-08D R * * * -6.87 * * -7.20 -7.51 * * * * * 
UT47-08D R * * * * * * * * * -1.62 * * * 
UT49-08D R -1.87 * * * -3.19 -2.57 * * * * * * * 
UT74-08D R * 18.00 * 16.67 * * 15.43 14.61 * * * * * 
UT81-08D L * * 2.55 * * * * * * 1.33 * 2.97 * 
UT85-08D L * * 3.16 * 4.15 * * * * * * * * 
UT104-08D R * * * * * * * * * * * * 11.0 
UT106-08D R * * * * * * * * * -1.44 -5.44 -2.17 * 
UT107-08D R * * -2.89 * -3.23 * * * * * -5.06 * * 
UT117-08D R * * * * * -3.15 * * * * * * * 
UT92-09D R -2.82 * -2.73 * -5.55 -4.23 -7.55 -8.96 -5.00 * * * * 
*Indicates no significant result for particular analysis. A negative number indicates a larger right-side measurement and a positive 
number indicates a larger left-side measurement. 
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